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Geometric Modeling for Computer Aided Design

Progress Report - January 1993

1. Introduction

Over the past several years, it has been the primary goal of this grant to design and

implementation software to be used in the conceptual design of aerospace vehicles. The work

carried out under this grant has been carried out jointly with members of the Vehicle Analysis

Branch (VAB) of NASA Langley, Computer Sciences Corp. and Vigyan Corp. This has

resulted in the development of several packages and design studies. Primary among these

arel the interactive geometric modeling tool, SMART, the Solid Modeling Aerospace

Research Tool and the integration and execution tools provided by EASIE, the Environment

for Application Software Integration and Execution. In addition, it is the purpose of the per-

sonnel of this grant to provide consultation in the areas of smactural design and algorithm

development, and software development and implementation, particularly in the areas of com-

puter aided design, geometric surface representation and parallel algorithms.

During the last year, the investigators of the grant specifically proposed to consider the

following areas.

Provide general consulting on the use and development of aerospace structural analysis

codes; in particular, design and implement a new Structures Module for SMART.

Establish a database interface for POST that allows easier definition of data and helps

perform data consistency checks for the model.

Research the possibility of providing a general data integrity checker for EASIE.

Build a prototype X-Window interface for EASIE.
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Develop methods for the creation of smoother, "faired" surfaces for SMART to allow the

transfer of SMART geometry to structural grid generation programs and other analysis

programs requiring surfaces to meet more exacting requirements.

Develop algorithms for the efficient use of parallel and distributed computing.

This report refers to a number of Master's projects, conference presentations and journal

papers. Copies of the Master's projects and an AIAA paper have been appended to the end

of this report since they may be difficult to otherwise obtain. The other papers and confer-

ence articles appear as cited in the open literature and are therefore not included here.

2. Use and Development of Structural Codes

2.1 SMART Extensions

SMART provides conceptual designers with a rapid prototyping capability and addition-

ally provides initial mass property analysis. In addition, SMART has a carefully engineered

user interface that makes it easy to learn and use. Given the type of vehicle analysis that is

conducted in VAB, it has become a priority to extend the capabilities of the SMART analysis

support tools into the areas of aerodynamic and su'uctural analysis. These enhancements have

proven to be of interest to number of other groups at NASA, notably the HISAIR project.

Recently, a new design team was formed with the purpose of soliciting requirements from all

concerned engineering groups. The requirements were collected and synthesized by the

design team and since have gone through a formal review process. The design team is

presently completing design documents for these extensions to SMART.

A major effort of the work here centered on taking the approved system requirements

documents and developing first implementation plans and continuing on to the coding and

debugging phase. The personnel on this grant aided in the development of the implementa-

tion plans for the structural analysis portion of the codes including consulting on the general
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developmentof data transfer algorithms. Implementation of the actual code for the final por-

tion of these system improvements has been given to programmers with Computer Sciences

Corporation. A portion of this code, that used to develop interior structure for fuselages, was

developed as a Master's project by Ms. S. Schwartz.

"Surface Generation and Editing Operations Applied ato Structural Support of Aerospace

Vehicle Fuselages", S. Schwartz, ODU Master's Project, Department of Computer Sci-

ence, 1992.

2.2 General Structural Analysis Consulting

In addition, continuing research under this grant has been focused on the design and

implementation of computer aided design tools to support conceptual level aerospace design.

This has included the use of a number of finite element design and analysis codes involved in

several design studies currently underway in the VAB.

Of these, the primary task has been the development of a finite element model of the pri-

mary structure of the air-breathing first stage of a two stage launch vehicle. The model

includes a lifting-body configuration fuselage, a discrete wing and internal multi-bubble tanks.

Development of this model involved converting sections from hardcopy with linear and qua-

dratic scaling between the sections. At present the vehicle is changing and the analytic model

needs to be changed to meet these changes.

Consultation on these and other structural codes and analysis have been provided through

this grant by Mr. James Robinson. Some of the primary results of this work, resulted in the

following publication.

"Structural and Loads Analysis of a Two-Stage Fully Reusable Advanced Launch Sys-

tem", J.C. Robinson and D.O. Stanley, Fourth Symposium on Multidisciplinary Analysis

and Optimizations, September 1992, AIAA paper # AIAA-92-4774.
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2.3 Smooth Surfaces

Recently there has been an increasing interest in applying computational fluid dynamics

(CFD) analysis to models at the conceptual level. Currently, none of the software systems

which generate CFD grids and provide the corresponding analysis, provide tools for model

generation.

As a fast stage of this, personnel on this grant investigated the smoothing of data sets

while reducing the size of the data. In essence algorithms were developed to find non-

uniform rational bicublc B-spline approximations to given data sets. NURB's were chosen as

the basic building blocks since they exhibit properties necessary to carry out the desired

smoothness conditions needed for futme surfaces. This work resulted in a Master's project by

Ms. Carol Macri.

"Implementation of an Algorithm for Data Reduction using Cubic-Rational B-Splines",

C. Macri, ODU Master's Project, Department of Computer Science, 1992.

3. Enhancements for EASIE

3.1 Database Interface to POST

POST is an event driven program, the input to which falls into the above categories.

POST is batch oriented taking input data from an ascii 'event' file. The flexibility of POST

leads to a high degree of interdependence in the definition of data items. For example, when

an ahernate method of guidance is selected, a completely different set of input parameters

must be specified. POST provides no tools for the definition of such input.

Current research has designed and implemented the prior work of Schwing and Grimm

into a prototype which applies these techniques to the parameter variables of POST. User

reaction has been extremely favorable. The personnel on this grant are currently engaged in

the extension of the prototype to tabular variables, the last piece necessary for a phase one
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releaseof a new POST user interface. This work is currently being carried out by graduate

students, Ms. Hima Gurla and Mr. Vasu Bokka. At the same time, work has also commenced

on integrating data management directly with the database and snipping the current namelist

data entry requirements of POST. This will allow the application of the data integrity check-

ing previously described.

3.2 X-Windows and EASIE

EASIE provides a set of interactive utilities that simplify the task of building and execut-

ing computer aided design systems consisting of diverse, stand-alone, analysis codes. Result-

ing in a streamlining of the exchange of data between programs reducing errors and improv-

ing the efficiency. EASIE provides both a methodology and a collection of software tools to

ease the task of coordinating engineering design and analysis codes.

Now that version one of EASIE has been released to the public the importance of the

menu driven aspect of EASIE has been emphasized. Currently, this user interface is designed

for simple ascii terminals and does not take advantage of recent advances in technology for

presenting the user interface. On the forefront of these advances is the windowing system for

the Athena project at MIT, X-Windows. Most of the software in this system is in the public

domain and hardware in the form of X-servers and X-terminals is rapidly becoming available.

To do some crystal gazing, it would seem that this combination of public domain software

and low-cost hardware will lead to the next revolution of the user interface.

The research carried out in this area resulted in two master's projects. The effort was

divided since EASIE can operate in two highly different modes. These are the complete com-

mand environment, CCE and the application derived environment. The work was completed

by Ms. Chia-Lin Tsai and Ms. Ya-Chen Kao respectively.
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"User Interface Design for EASIE", C-L. Tsai, ODU Master's Project, Department of

Computer Science, 1992.

"Application Driven Interface Generation for EASIE", Y-C Kao, ODU Master's Project,

Department of Computer Science, 1992.

4. Parallel Algorithms

It has become clear that much of the future improvements in computing power will arise

in the use of parallel and/or distributed computing environments. Indeed, this can be seen in

the new IRIS computers that have been brought in to support the VAB analysis and design

programs. They are all multi-processor machines. While these machines can and do provide

a certain amount of automatic algorithm adjustment to take advantage of this environment,

true efficient use of any parallel or distributed environment requires careful investigation of

the algorithms being developed. Algorithms initially developed for sequential single processor

machines may not perform anywhere near optimally under automated conversion.

It is the belief of the principal investigators of this grant that the next major impact on

the development of analysis programs will come via the proper utilization of parallel and dis-

tributed processing. Further, this can only occur if the proper ground work is developed. The

personnel on this grant have been extremely productive in providing both the basis for under-

standing algorithm development on a number of exciting new architectures and also in a

number of application areas that will have direct impact on research being conducted by Mr.

Joe Rehder of VAB. This work is contained in the following publications.

Optimal Parallel Algorithms for Problems Modeled by a Family of Intervals, ( S. Olariu,

J. Schwing and J. Zhang ), IEEE Transactions of Parallel and Distributed Systems, v.3
no. 3, (1992), 364 - 374. A preliminary version was published in Proc. 28-th Annual

Allerton Conf. on Communication, Control, and Computing, 1990, 282-291.

On the Power of Two-Dimensional Processor Arrays with a Reconfigurable Bus System,

( S. Olariu, J. Schwing and J. Zhang ), Parallel Processing Letters, 1, (1992) 29-34.

Optimal Parallel Encoding and Decoding Algorithms for Trees, ( S. Olariu, J. Schwing
and J. Zhang ), International Journal of Foundations of Computer Science, v. 3 no. 1,
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(1992), 1 - 10. A preliminary version of this paper appeared in Proc. 1991 ACM Com-

puter Science Conference, San Antonio, Texas, March 1991, I - 10.

Integer Problems on Reconfigurable Meshes, with Applications, ( S. Olariu, J. Schwing
and J. Zhang ), Journal of Computer and Software Engineering, accepted for publication.

A preliminary version has appeared in Proceedings of the 29th Annual Allerton Confer-

ence on Communications, Control, and Computing, 821-830, 1991.

A Constant-time Channel Assignment Algorithm for Reconfigurable Meshes, ( S. Olariu,
J. Schwing and J. Zhang ), B/T, v. 32, (1992) 586 - 597.

Fast Computer Vision Algorithms on Recortfigurable Meshes, ( S Olariu, J. Schwing and

J. Zhang ), Image and Vision Computing Journal, v.10 no. 9, (1992) 610 - 616. A prel-

iminary version of this work has appeared in Proceeding of the 6th International Parallel

Processing Symposium, Beverly Hills, 1992.

Selection on Meshes with Multiple Broadcasting, ( D. Bhagavathi, P. Looges, S. Olariu,

J. Schwing, and J. Zhang ), B/T, accepted for publication.

Simulating Enhanced Meshes with Applications, ( R. Lin, S. Olariu, J. Schwing, and J.

Zhang ), Parallel Processing Letters, accepted for publication.

Applications of Reconfigurable Meshes to Constant-time Computations, ( S. Olariu, J.

Schwing and J. Zhang ), Parallel Computing, accepted for publication. A preliminary

version of this paper appeared as "Constant Time Integer Sorting on an nxn

Reconfigurable Mesh" in Proc. of the International Phoenix Conf. on Computers and
Communications, Scottsdale, Arizona, 1992, 480-484.

A Simple Selection Algorithm for Reconfigurable Meshes, ( S. Olariu, J. Schwing, W.

Shen, L. Wilson, and J. Zhang ), Parallel Algorithms and Applications, accepted for pub-

lication. A preliminary version of this work appeared in Proc ISMM Conference on
Parallel and Distributed Systems, Pittsburgh, October 1992, 257 - 261.

Fast Mid-level Vision Algorithms on Reconfigurable Meshes, ( S. Olariu, J. Schwing and

J. Zhang ), Parallel Computing: From Theory to Sound Practice, Proceedings of
EWPC'92, IOS Press, 1992, 188-191.

Sorting in O(1) time on a Reconfigurable Mesh of Size nxn, ( R. Lin, S.Olariu, J.

Schwing and J. Zhang ), Parallel Computing: From Theory to Sound Practice, Proceed-

ings of EWPC'92, Plenary Address, lOS Press, 1992, 16-27.

A Fast Selection Algorithm on Meshes with Multiple Broadcasting, ( D. Bhagavathi, P.

Looges, S. Olariu, J. Schwing, and J. Zhang ) Proc. International Conference on Parallel
Processing, St. Charles, Illinois, 1992, p. 111-10 - III-17.

Fast Component Labeling on Reconfigurable Meshes, ( S. Olariu, J. Schwing and J.

Zhang ), Computing and Information - Proc. International Conference on Computing

and Information, Toronto, 1992, 121 - 124.

Efficient Image Processing Algorithms for Reconfigurable Meshes, ( S. Olariu, J.
Schwing and J. Zhang ), Proc. of Vision Interface, 1992, Vancouver, British Columbia,

May 1992.

Computing the Hough Transform on Reconfigurable Meshes, ( S. Olariu, J. Schwing and
J. Zhang ), Proc. of Vision Interface, 1992, Vancouver, British Columbia, May 1992.

Time-Optimal Sorting and Applications on nxn Enhanced Meshes, ( S. Olariu, J.

Schwing and J. Zhang ), Proc. IEEE lnternat. Conf. on Computer Systems and Software

Engineering, Comp Euro '92, The Hague, May 1992, 250 - 255.
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Interval-RelatedProblems on Recontigurable Meshes, ( S. Olariu, J. Schwing and J.

Zhang ), Proc. ASAP "92, Berkeley, August 1992, 445 - 455.

Efficient Image Computations on Reeoniigurable Meshes, ( S. Olariu, J. Sehwing and J.

Zhang ), Proc. of CONPAR '92, Lyon, France, September 1992.

Convexity Problems on Meshes with Multiple Broadcasting, ( S. Olariu, J. Schwing and

J. Zhang ), Proc. 4th Annual Canadian Computational Geometry Conference, St.

John's, August 1992, 365 - 370.

Convex Polygon Problems on Reeontigurable Meshes, ( S. Olariu, J. Sch'wing and J.

Zhang ), SPIE Conference on Vision Geometry, Boston, November 1992.

An Optimal Parallel vertex Cover Algorithm for Cographs, ( R. Lin, S. Olariu, J.

Schwing, W. Shen, and J. Zhang ), Proc ISCIS Conference, Antalya, Turkey, November

1992, 49 - 55.

Geometric Problems on Meshes with Multiple Broadcasting, ( S. Olariu, J. Schwing and

J. Zhang ), Proc ISCIS Conference, Antalya, Turkey, November 1992, 41 - 47.
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Abstract

SMART, Solid Modeling Aerospace Research Tool, isthe Vehicle Analy-

sisBranch of NASA Langley Research Center's computer-aided design tool

used in aerospace vehicledesign. Modeling of structuralcomponents using

SMART includes the representationof the transverseor cross-wiseelements

of a vehicle'sfuselage,ringframes and bulkheads. Ringframes are placed

along a vehicle'sfuselage to provide structuralsupport and maintain the

shape of the fuselage. Bulkheads are also used to maintain shape but are

placed at locationswhere substantialstructuralsupport isrequired.

Given a Bdzier curve representationof a cross-sectionalcut through a

vehicle'sfuselageand/or an interiortank, thisproject produces a frrst-guess

Bd'zierpatch representationof a ringframe or bulkhead at the cross-sectional

position.The grid produced islaterused in the structuralanalysisof the ve-

hicle.The graphical display of the generated patches allows the user to edit

patch controlpointsin realtime. Constraintsconsidered in the patch genera-

tioninclude maintaining %quare-like_ patches and placement of longitudinal,

or lengthwise along the fuselage,structuralelements calledlongerons.
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1 Introduction

"A model isa representationof some (not necessarilyall)featuresof a con-

crete or abstract entity. The purpose of a model or an entity is to allow

people to visualizeand understand the structureor behavior of the entity,

and to provide a convenient vehiclefor'experimentation'with and prediction

of the effectsof inputs or changes to the model [FOLEY, pp. 286-7]." In

many instances,the model isthe only means in which analysis can be per-

formed to determine feasibilityof an idea. Costs of creatingan actual entity

or the testingfacilityfor a particularentitymay be prohibitiveand a model

provides the simulation of the entityforexperimentation and learning about

a proposed system.

The cost of memory and computing time has decreased drasticallyin

the past two decades and made the computer one of the most viable tools

for modeling. In particular,graphics-based modeling toolsare now used "to

createand editthe model, to obtain valuesforitsparameters, and to visualize

itsbehavior and structure [FOLEY, p. 287]."

In the mid 1970's, the Vehicle Analysis Branch, VAB, of NASA Lang-

ley Research Center, LaRC, began development of itsown solid modeling

system. Numerous commercially produced systems were evaluated and de-

termined not tomeet the needs ofthe VAB. Thus, SMART, or Solid Modeling

Aerospace Research Tool, was begun in the 1980'sto provide the VAB with

itsown computer-aided design tool foraerospace vehicledesign.

A primary method of modeling used by aerospace and structural engi-

neers is based on the abilityto create a "nice" grid on a surface. Finite

element analysisand computational fluiddynamics both relyon known val-

ues at points relativelyclose to one another to predictvalues of quantities

likestucturalstressat other points. Currently,the difficultiesin producing

suitablegrids for these analyses slows the design process. Manual means of

producing the grids are unsuitable and automating the process isthe desired

method.

The goal of this project has been to automate the B_zier patch gener-

ation of fuselage bulkheads and ringframes used in the structural analysis

of aerospace vehicles. Sections two through fiveof this paper provide in-

sight intothe basicsof SMART, aircraftstructuraldesign,the finiteelement

analysisprocess,and the geometric representationsused inthe modeling pro-

cess. Section six presents the algorithms developed to generate the desired

5



patches. Snapshotsof the SMART display showing the implementation of

the algorithms are provided as Appendix A. Copies of the SMART struc-

tures requirements document and source code are prodded as Appendices B

and C, respectively.

2 Capabilities of SMART

SMART, written in the C programming language, was developed for use on

the Silicon Graphics IRIS workstation, a computer which features custom

graphics hardware and the UNIX operating system. The initialmodeling

requirements of the software included:

• ability to generate accurate 3-dimensional geometric descriptions of

complex vehicle shapes quickly and easily;

• facilitate easy manipulation of the vehicle components using a hierar-

chial component grouping scheme;

• provide data from a single geometric representation to a variety of

analysis programs; and

• real-time interaction with the user [MCMIL, p. 1].

The user interface of SMART was designed to accomodate "novice, oc-

casional, and experienced users [MCMIL, p. 2]." The main features of the

display, shown in Figure 1, are two large viewing windows or viewports, a

small textport area, two horizontal main menus, and an area for displaying

a variety of menus and slider bars pertinent to the given evolution. Most

user input is accomplished by positioning the mouse over the desired menu,

bar, or plotted geometric figure in the viewport and pressing an appropriate
button.

Objects may be created from basic primitive shapes, that is, SMART-

facilitated automatic generation of vehicle components, or by "free-hand"

rendering with the mouse over the viewport. In particular, SMART "has

an extensive capability for creating and modifying cross-section capability

to create completely arbitrary shapes [MCMIL, p. 3]." The cross-sections

are represented by either "Bdzier cubic curves or a series of points connected
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Figure 2: Ringframe from an offset curve [REHDER, p. 3]

by straight lines, referred to as Cartesian cross-sections [MCMIL, p. 3]." A

discussion of Bdzier curves is presented in Section 5 of this paper.

Once a geometric component is created, the component is accessed for a

variety of processes. A capability, currently being developed, is the consoli-

dation of the model generation process for structural analysis. New require-

ments specifications have been written and this project represents the fulfill-

ment of many of the ring'frame and bulkhead generation and longeron place-

ment requirements. See [SOFT, pp. 24-28], provided in Appendix B of this

paper, for the pertinent portion of the requirements document. [REHDER,

pp. 3-4] describes the technique applied to constructing the model of these

components. A planar surface is generated between two curves: one of the

curves is formed by the outer surface of the fuselage; the other is a scaled

offset from the fuselage curve, creating a ringframe, as in Figure 2, or a sep-

arate curve representing the cross-section of a tank interior to the fuselage,

creating a bulkhead, as in Figure 3.

The planar surface, represented by Bdzier bicubic patches, may be stored

in several different types of files. In particular, SMART has the capability

of writing an ASCII text file of the patch data for an entire vehicle in the

format known as a "neutral file." This file may then be "read" by the PA-

TRAN structural analysis program [PATRAN] and this geometry is used as
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Figure 3: Bulkhead between fuselage and internal tank [REHDER, p. 4]

a template to create a suitable grid and then perform finite element analysis

on that grid for various pressure and stress loadings.

3 Aircraft Structural Design

3.1 Design Considerations

The design of an aircraft requires the combined efforts of both the aerody-

namics engineer and the structural engineer. The aerodynarnicist considers

the vehicle as an aerodynamic shape and analyzes the reaction of the sur-

rounding air to the presence of the "envelope of specially shaped airframe

surfaces [STIN66, p. 190]." This envelope must distribute the loads to the

surrounding air. The airframe must also protect the items within, such as the

payload, fuel, and engines. Given an accurate distribution of the air-loads

of the vehicle, the structural engineer's job is to produce a sound struc-

ture. Because there is great difficulty in accurately predicting these loads at

each point on the structure's surface, the structural engineer considers the

"most critical design cases--which often run into thousandsw arising from

the various combinations of speed, attitude and weight throughout the flight

[STIN66, p. 190]."
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_Structural design affects the achievable flight envelope, stability and

control, the operational role and the development potential of an aeroplane

[STIN66, p. 192]." There are many considerations for structural design and

each deserves to be fully explored. However, full explanations are beyond the

scope of this paper, and each win be given at most, a cursory explanation:

• The outer skin must remain reasonably wrinkle-free and smooth in 1-g

flight, which is different from an unloaded vehicle on the ground.

• The fabrication material must have a high strength-to-weight ratio,

particularly at high temperatures, and high specific stiffness.

• The study of loads on a material is of major concern and both the way

in which the load is applied and the area over which it is applied must

be considered. When a material is loaded in a particular way, it is said

to be stressed. There are three types of stress: tensile, compressive

or bearing, and shear. Tensile stress is caused by tension across a

cross-sectional element. Compressive stress is the reverse of tensile

stress. Shear stress occurs tangential to the surface. The material's

shape multidimensionally changes when it is stressed. Shear strain is

defined as the angular displacement caused by shear stress. Similar

strain definitions apply to tensile and compressive stress. Although a

simplistic approach, it should be noted that stress causes strain and

strain causes stress.

Heat isalso a consideration.The boundary layerof air surrounding a

high-speed aircraftbecomes heated and raisesthe temperature of the

skin of the aircraft.External radiant heat may alsobe a factor.

The elasticity/plasticityof a material is an important factor. If the

straincaused by a stresscompletely disappears when the stressisre-

moved, the material issaid to be wholly elastic.Ifthe strainhas not

disappeared, the material issaid to have a permanent "set" and plas-

ticityhas occurred. "A structureisdesigned so that the working range

of any component does not exceed itselasticlimit. It is now possi-

ble to study stress-patternsestablishedin structuralcomponents by

various applied loads .... A useful general law, known as Hooke's Law,

states that within elastic limits of a material the strain produced is

proportional to the stress producing it [STIN66, p. 197]."
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• Bending and torsionor twisting must also be accounted for. Bending

takes place when a load is applied to a point on the flexuralaxis of

a structuralmember and the reaction isat another point on the axis.

Torsion willalsooccur ifthe reaction isoffsetfrom the flexuralaxis.

• Fatigue is also studied. It occurs when repeated stresses, each much

lower than maximum tensile stress allowable, cause the cracking of

structural members.

None of these items can be taken in isolationand generally combinations

axe considered simultaneously. "An important aid in structural analysisis

the Principleof Superposition: that the totalstraincaused by a load-system

may be considered as the sum of the individualstrainscaused by the various

load components, taken in isolation[STIN66, p. 197]."

"The analysis of stressand strain in advanced aircraftstructures has

forced the development of very elegant and complicated mathematical tech-

niques. The structural engineer must relate the effectsof weights, aero-

dynamic inputs, elasticresponses and stressdistributionsthroughout the

structureas one whole, for a wide variety of differentshapes. Fortunately,

the grid-likeconstruction allowsaccurate analyses to be made and translated

into mathematical statements that can be handled by computers [STIN66,

p. 213]."

3.2 The Actual Design

The airplane has three basic parts, the fuselage, the wings, and the tail.

This paper will only address the fuselage, parts of which are the focus for

this project.

"The fuselage is the body to which the wings and the tail unit of an

airplane axe attached and which provides space for the crew, passengers,

cargo, controls, and other items, depending upon the size and design of the

airplane. It should have the smallest streamline form consistent with desired

capacity and aerodynamic qualities of the airplane ... The main structure of

a spacecraft or missile may be called a fuselage but is more commonly called

the body or tank [MCKIN, p. 140]."

The modern aircraft's fuselage is of a semi-monocoque construction, as

seen in Figures 4 and 5 . This means that the fuselage has a framework

11



Figure 4: Semimonocoqueconstruction [MCKIN, p. 144]

which supports an external skin which must withstand most of the stresses

placed on the fuselage. The framework consists of several types of structural

elements. The vertical or transverse elements of the fuselage support are

called bulkheads, frames, and formers or rings• A bulkhead is a substantially

constructed cross-section cutting across a fuselage, perpendicular to the fuse-

lage's longitudinal beam, as in Figure 6. A bulkhead is placed at points of

concentrated loads, and helps to distribute the loads over the skin and allows

little radial expansion. There may be cut-out areas for doorways and holes,

but doors and plates are used to maintain the structural requirement, as seen

in Figure 7.

A frame serves primarily to maintain the shape of the body and has the

outline of the cross-section of the vehicle, which can be seen in Figure 8. The

loads at the frames are smaller and construction of the frames can be lighter

than that of the bulkheads. Formers or rings have the same outline as the

frame but are lighter and are used to maintain a uniform shape of the skin.

This paper refers to all of these as ringframes.

The longitudinal components are longerons and stringers. They are sup-

ported by the bulkheads and frames and support the outer skin to prevent

bulging due to severe stresses. They also are used to carry the axial loads

12



Figure 5: Typical semi-monocoquestiffenedshell--L-1011 [NIU, p. 376]
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Figure 6: Typical transport fuselage center section floor beams arrangement.

[NIU, p. 396]
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Figure 7: Typical pressure flat bulkhead [NIU, p. 398]
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Figure 8: Fail-safe design by using longitudinal beam along side of fuselage.

[NIU,p. 391]

caused by bending. Longerons are especially designed to take the end loads

fore and aft of the vehicle and run the length of the fuselage. Stringers are

shorter and of lighter construction. See Figure 5.

The external skin is formed from metal sheets which are attached to the

frames and bulkheads by riveting or welding. It carries the loads of sheer

stress and cabin pressure. Figure 9 shows the combined features mentioned

above.

The semi-monocoque structure is considered to be "very efficient, i.e., it

has a high strength to weight ratio, and it is well suited for unusual load

combinations and locations. It has design flexibility and can withstand local

failure without total failure through load redistribution [NIU, p. 377]."

4 Overview of Finite Element Analysis

Finite element analysis is defined to be a "group of numerical methods for

approximating the governing equations of any continuous system [BARAN,

p. 1]'. Originally developed for the study of stresses in complex airframe
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Figure 9: Sketch of main details of aeroplane structure (STIN66, p. 205}
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Figure 10: Finite differenceand finite elementdiscretizations of a turbine
bladeprofile. (a) Typical finite differencemodel. (b) Typical finite element
model. [HUEB, p. 5]

structures [HUEB, p. 3], the finite element method today is also used in a

variety of engineering disciplines. It is particularly effective for problems with

complex geometries. Until recently, finite element analysis was restricted to

expensive mainframe computers, but the significant declines in hardware and

processing costs have made this process available to virtually all engineers

and scientists. Civil and aerospace engineers remain the most frequent users

of this method.

The difficulty of a continuous system or structure is the infinitely many

values of the unknown quantity being evaluated at each point of the struc-

ture. The objective of finite element analysis is to approximate the governing

differential equation of the system or structure at selected points with a suf-

ficient degree of accuracy. A mathematical model of the physical system is

created. The points or nodes, when connected, define the elements of the

model. This process of creating nodes and elements is called discretization

and is illustrated in Figure 10. Simplifying assumptions are made to create

approximating functions, from the original differential equations, which are

then applied to the specified nodes of the model. Solutions are created for

individual elements and then combined to represent a solution for the en-

tire problem. The size and number of elements and simplifying assumptions

determine the accuaracy of the analysis.
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4.1 Steps in the Finite Element Method

Finite element analysis Can be performed in a sequence of five steps, each of

which has its own difficulties and time requirements. They are summarized

as follows:

. Perform the discretization. Dividing the physical structure into ele-

ments is the most important phase because this will greatly affect the

accuracy of the analysis. Elements may take various shapes depending

on the nature of the problem. This is discussed in greater detail in the

next section.

2. Define the geometric properties of each element and any material prop-

erties and boundary or loading conditions pertinent to the analysis.

. Formulate interpolation equations for each element. These are often

polynomial in nature because of the ease in integrating and differen-

tiating them. The interpolation functions in these equations give "an

analytical expression for the displacement at any point inside the ele-

ment" [BARAN, p. 4]. The value of the equation at any point in an

element is a function of the nodes bounding the element. See Figure 11.

.

.

Assemble the system equations, accounting for properties outlined in

Step 2 above, and solve the equations.

Make additional calculations, if necessary. The solution of the system of

equations may be used to calculate other parameters. For example, in

structural analysis, nodal values represent body displacements. These

values are then used to calculate strains and stresses in the elements.

4.2 Creating the Mesh

There are two basic categories of planar elements: line and area. Beam and

spring elements are examples of line elements. Beam elements are used in a

variety of engineering problems to represent parts whose lengths are much

greater than the cross-sectional depth or width. Area elements include flat

plate or shell elements. The plate elements have a thickness much smaller

than their other dimensions and are usually represented by three or four

18
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Figure 11: An arbitrary shape divided into nodes and elements. The shape

is governed by the partial differential equation shown. The value of this

equation at any point in an element is a function of the values of the nodes

• ; bounding the element. [BARAN, p. 3]

nodes. Solid or volume elements are a third type of element used to account

for parts whose thickness is significant compared to other dimensions.

The model being created is an idealization of the actual physical structure

being analyzed. By understanding the physical problem, the regions of the

structure most likely to be stressed are determined. A coarse mesh is created,

placing nodes at stress, support, and load points. Finer meshes can be created

from this initial mesh, if necessary. Huebner quotes John M.Biggs as saying

that it is a "waste of time to employ methods having precision greater than

that of the input of the analysis [HUEB, p. 88]."

The shape and element pattern of the finite element model is determined

by the location of the nodes. Other significant locations of nodes include

structure corners and discontinuities. The model should closely approximate

the shape of the actual structure. The size of the model can be reduced

by accounting for the structure's symmetry, as in Figure 12. Establishing

a coordinate system with an origin on an axis of symmetry allows easier

definition of nodes and elements.

Ultimately, the choice of nodes and elements depends on the type of
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Figure 12: Model reduction due to structuresymmetry

finite element analysis being performed and the accuracy required. Huebner

suggests the following as rules for finite element modeling [HUEB, pp. 94-99]:

If the problem involves concentrated loads and/or geometric disconti-

nuities, minimum dimensions and areas requiring a refined mesh should

be determined using St. Venant's principle. This states that "localized

loads or geometric discontinuities cause stresses and strains only in the

immediate vicinity of the load or discontinuity [HUEB, p. 99]. _

• Stress analysis requires a more refined mesh than displacement analysis.

• Nodes should be placed at supports, load points, and other locations

where information, such as displacements or temperatures, is required.

Uniform mesh spacing should be used, if possible. If it is necessary

to transition from coarse to fine meshes, the dimensions of adjacent

elements should not differ by more than a factor of two. The transition

should be made across a series of elements.

When using plate or axisymmetric elements, quadrilaterals are the pre-

ferred shape because they are more accurate than triangles. Triangular

elements should be used only when required by the geometry or for

transitions.
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• The aspect, or length-to-width, ratio of triangular or quadrilateral el-

ements should be as close to unity as possible. Aspect ratios as large

as 5.0 are permissible, but below 3.0 is preferrable.

• In triangular and quadrilateral elements, no extreme!y obtuse or acute

angles should be used. The optimum is the equilateral triangle, where

all angles are 60 degrees, or right angles in the quadrilateral, but devi-

ations of up to 30 degrees is permissible.

• Curved surfaces should be modeled with flat elements whose nodes are

all in one plane. The angle subtended by the surface and the plane

should be less than 15 degrees.

• Poisson's ratio, should be less than 0.5. An elastic material elongates

in the direction of an applied tension while its cross-section contracts

perpendicular to the tension direction. During simple compression, the

material contracts in the tension direction and expands perpendicularly

to the tension. Poisson's ratio is the ratio of the resultant perpendicular

strains to the parallel strains. Most metallic materials have a value of

0.25-0.3 and an assumed value of 0.3 is used. It is also assumed that

Poisson's ratio approaches 0.5 as the stresses reach a maximum for the

material [NILES, pp. 151-152].

• Lengths and areas of line and area elements must be non-zero. Values

of zero may produce unpredictable results.

Elements should not extend across discontinuities or changes in thick-

ness. This tends to cause numerical errors and inaccurate results. Ad-

ditional nodes and smaller elements should be used.

It is assumed that fiat plate elements have no in-plane rotational stiff-

ness. If in-plane twisting is allowed, plate elements do not accurately

represent the model's fiat plates.

5 Geometric Representation

Vehicles are drawn using curves and surfaces which approximate the desired

shape of the vehicle• There are numerous ways to represent such curves
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Figure 13: Two Bdzier curves and theircontrolpoints [FOLEY, p. 488]

and surfaces. As surfacerepresentationsare a generMization of curve rep-

resentation,this section willfirstconsider working with curves. Often, a

parameterization of curves,where each coordinate,z,_/,and z, isa function

of a parameter, t, i.e.,z -- z(t),I/= _l(t),z= z(t),is used to avoid prob-

lems occuring with explicitand implicitequations used to describegeometric

figures.For specifics,see [FOLEY, p. 478].

The predominant method used in SMART isthe B_zier form of the para-

metric cubic polynomial curve segment. This consistsof 4 points, Po, /'I,

P2, and P3 where P0 and P3 are endpoints of the curve segment and PI and

P2 are additionalcontrolpoints. Generally not on the curve segment, points

JD1 and P_ indirectlyspecifythe tangent vectors to the curve at P0 and P3.

Specifically,the directionof the tangent vector at Po is determined by PoP2

and the directionof the tangent vector at P3 is determined by P3P2. See

Figure 13.

To determine a point P on the curve segment, the parameterization of the

domain is set up so that at parameter t -- 0, P - Po, and at t = 1, P = P3.

The weighting factors for each point, known as the Bernstein polynomials,

are:

Boa(t) = (i - t)_
B,_(t) = 3t(1 - t)_
B_(t) = 3t_(1-t)
B_(t) = t3
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The resultantequation to evaluate P is:

e(t)= Z Pj×B](t)
j----O

Note that P(t) is guaranteed to be cubic in t because it is a linear combination

of cubic polynomials. The sum is computed for each coordinate, z and y in

2-D; z, !/, and z in 3-D).

There are several advantages inherent to this representation:

Cubic curves do not "wiggle" as much as higher order polynomials and

give a relativelysmooth approximation of the desiredshape. Note that

a cubic curve is the lowest degree polynomial to interpolateto four

requirements: the two endpoints and the specifiedderivativesat each

endpoint [FOLEY].

• The resultant curve segment is contained by the convex hull of its

representativepoints.This guarantees thatthe curve segment isplanar.

Calculation of the derivative at any point on the curve segment, most

notably at the endpoints, is easy. For a given t, P'(t) is calculated as

the linear combination of the derivatives of the Bernstein polynomials.

The storage requirements for a curve segment are minimal--the four

points and possibly, information about slope continuity with adjoining

segments.

Another way to compute P(t) involves successive linear interpolations

of pairs of the given four points. This linearity allows the Bdzier rep-

resentation to inherit the property of a_ne invariance. That is, when

applying an affine transformation, scaling, rotation, shearing, or trans-

lation, to a Bdzier curve, the result is the same whether the trans-

formation is applied to the original four points, followed by the curve

generation, or if the curve is generated from the points, followed by the

transformation. Therefore, these viewing transformations need only

be applied to the four control points of the segment, which minimizes

computation time.
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To represent a given shape, successive B_zier curves are placed end-to-

end. Continuity of segments is guaranteed if P3 of one curve is set to P0 of

the next curve. If slope continuity from one segment to the next is required,

then P_ and P3 of the first curve and Po and P1 of the second curve must

remain coUinear. Moving P2 or P1 "controls" the slope at the endpoint(s).

Sometimes a B_zier curve needs to be split into two pieces. If the param-

eter t is normally defined over the interval [0,1], a value of t in this interval

can be specified to represent a certain percentage c along the curve, or the

place where the curve should be split. In essence, the first piece of the curve

would be exactly the original curve over the parameter's interval [0, c] and the

second curve is the piece corresponding to [c, 1]. [FOLEY, pp. 507-510] and

[FAR.IN, pp. 75-77] describe this process using the geometric construction

technique developed by F. de Casteljau in 1959. As in Figure 14, "the point

on the curve for a parameter value of t is found by drawing the construction

line L2H so that it divides P1P2 and P2P3 in the ratio of t : (1 - t), tttt3

so that it similarly divides P2Pa and PaP4 and L3R_ to likewise divide L2H

and HRs. The point L4 (which is also RI) divides L3R2 by the same ratio

and gives the point Q(t) [FOLEY, p. 508]," the value of the Bdzier curve at

parameter t. The points La, L2, La, and L4 are the control points for the first

curve and Ra, R2, Rs, and R.t are for the second curve.

B_zier representation can be extended to surfaces. Bdzier bicubic patches

are determined by sixteen control points, positioned in a 4 x 4 gridlike pattern.

The four points on a side of the patch form a Bdzier curve segment. The

center four points control slopes of the surface. The parameterization requires

two variables, s and t, and a point P(s, t) is calculated by:

s z s: s 1 ] x MB X

Poo Pol ?o2 ?o.s
Po6

Po8 Po9 P1o P.
P. Pl4

_3

t2

t

1

where MB is the coefficient matrix for the Bernstein polynomials and the P;'s

are the control points of the patch. Slope continuity between two patches is

achieved by maintaining collinearity of a control point on the border between

them and the control points on either side of the border. Additionally, the

ratio of distances between control points on either side of the boundary and

the boundary control points must be consistent along the edge. Calculation
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a left curve defined by the points Li and a right curve defined by the points

/_. [FOLEY, p. 508]

of the slope at a given point on a patch is achieved by partial derivatives

with respect to parameters s and/or t. See Figure 15.

All surfaces in SMART are represented with B_zier bicubic patches; how-

ever, sometimes two other representations for curves are used, each of which

is equivalent to the B_zier representation. The first is the one-third point

representation which requires using the coordinate values of the points on

the B_zier curve at parameter values of t = 0,½,§, and 1. Note that the

endpoints of the curve for both representations are the same. The one-third

points are used in this project to place "control-like" points directly on the

curves for clarity in editing multiple, closely spaced B_zier curves.

The Hermite representation is the other method. Often the slopes of the

tangent vectors to each endpoint are known. The Hermite representation

utilizes the two endpoints and the two tangent vectors to represent the curve.

There are matrices which allow easy conversion from one representation to

the other, which are included in Appendix C in the matrices2.h file.
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Figure 15: Bicubic B_zier Patch

6 Algorithms for Generating Bulkheads and

Ringframes

6.1 Capabilities Developed for SMART Prior to the
Project

As with many graphics programs, the image on the screen is constantly

redrawn at speeds which fool the human eye into believing that the image

has remained continuously on the screen. This is generally accomplished with

a looping routine in the software. The main loop checks the mouse location

and based on its present coordinates, determines whether the user had placed

the mouse over a menu, a bar, or over a viewport on the screen. Based on the

mouse's position, certain calculations are accomplished or editing capabilities

are available. The display is refreshed each time through the loop, regardless

of the function being performed. The loop is exited by explicit menu choices.

The structure of the main loop in this portion of SMART is:

while (true)

begin

if choosing a main-menu option then

exit main loop and redisplay;

else if over a menu then

begin
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if over main-cross-section-menu then

exit main loop and redisplay;

else if over store-patches-menu then

store patches in SMART data structure and redisplay;"

else if over type.of.growth.menu then

redisplay patches using B_zier or linear i_orrnat;

else if over growth-direction-menu then

redisplay with patches interior or exterior to cross-

section;

else if over new-edge-menu then

store partial patches, begin new calculations from old

leading edge, and redisplay;
end

else if over a bar then

begin

if over patch-growing-bar then

calculate partial patches to given percentage and

redisplay;
else if over radius-bar then

calculate new patches given new radius length and

redisplay;

else if over centerline-bar then

calculate new patches given new centerpoint position

and redisplay;

else if over ringframe-bar then

calculate new patches for ring'frame value and redisplay

with ringframe patches;
end

else if over the right-view'port then

edit control points and redisplay;

end

The initial algorithms for creating bulkhead patches centered on a given

fuselage cross-section represented by a linked list of Bdzier curves. Due to the

symmetry of the cross-section about a vertical axis of symmetry, the cross-
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section representation is actually one half of the complete cross-section, as in

Figure 12. For the remainder of this paper, reference to a cross-section will

imply the "half-cross-section" unless explicit indication to the contrary.

Because many interior tanks of a vehicle are spherical or multi-bubble

spherical in shape, the software created a first-guess semicircular cross-section

of a tank, interior to the fuselage cross-section, with its endpoints on the

on the axis of symmetry of the fuselage cross-section. The points on the

tank cross-section were generated around the semicircle to correspond to the

percent of arclength of the one-third points of the curves of the fuselage

cross-section. The centerpoint of the semicircle was placed at the calculated

midpoint between fuselage cross-section endpoints, and the default radius

was half the minimum distance from the centerpoint to any one-thlrd point

on the fuselage cross-section. The analogous representation using a circle

external to the cross-section has also been developed and may potentially be

used by aerodynamicists for computational fluid dynamics.

The patches generated between the given cross-section and the semi-circle

represented a structuralbulkhead between the fuselageand the tank. The

percent-of-arclengthguide for generating tank points enabled the patches to

have reasonable wedge-like shape, which isas closeto square-likepatches as

possible.

The originalalgorithm was as follows:

procedure bulkhead-first-guess (cross-section, centerpt, radius)

begin
for each curve in cross-section do

begin

calculate 1/3 pts on curve;

calculate inward pointing normal vectors to each 1/3 pt;

calculate normalized vectors from centerpt in direction

of each 1/3 point;

calculate tank-points at length radius from centerpt in

direction of normalized vectors;

comment: The two pointsand two vectorscomprise

the Hermite representationof the curve,as seen

in Figure 16.
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Figure I6: Vectors and points used to calculate a patch

calculate B_ier curves between corresponding

1/3 points and tank-points;

calculate B_zier patch from 4 B6zier curves

place patch on linked list;

end

end

Using established SMART routines, graphical bars and menus were cre-

ated to enable the user to change parameters. A bar is used to change the

radius of the interior tank, allowing growth until the tank cross-section is

at most tangent to the fuselage cross-section. The radius is also allowed to

decrease to zero to represent a position in the fuselage where there is no

interior tank and only a bulkhead. Another bar allows the centerpoint of the

semi-circle to move along the axis of symmetry until the tank cross-section

is tangent to the fuselage cross-section. Menus are used to allow choice of

linear or B6zier curve patch growth between the cross-sections.

Editing of control points is important to allow smoothing of patch wedges.

Because the points on the tank were generated according to a given radius,
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these points can be _dragged" with the mouse around the semicircle by de-

termining the change in arclength and recalculating the actual point on the

circle. Movement is restricted to tank-points which are patch "corner" points

and one-third points on either side of the corner point are then recalculated.

Patch corner points on the axis of symmetry are required to remain on the

axis.

The eight patch control points not on either cross-section may also be

"dragged" with the mouse to smooth the interior shape of the patches. The

change in mouse position is used to calculate the new one-third point posi-

tion. Points on the fuselage may not be edited in order to preserve the pre-

viously determined shape based on aerodynamic and structural constraints.

Due to the speed of the Silicon Graphics processor, changes in patches are

redisplayed in real time.

6.2 New Results

The specifictasking of thisproject was to allow automatic generation of a

bulkhead or rin_ra.me for a given cross-section(s).The bulkhead would be

drawn between two given cross-sections,one representingthe fuselage and

the other representing the interiortank. This allows the interiortank to

have any predetermined shape and not be limited to being circular. The

ring[tame would be drawn interiorto the fuselagecross-sectionat a default

width which could be edited.

6.2.1 Bulkheads

There were several problems to consider in creating patches for the bulk-

head between the two cross-sections. The requirement to have "square-like"

patches supports the current method of calculating each patch using corre-

sponding curve points of the two cross-sections. The most obvious problem is

that both cross-sections may not have the same number of B_zier curve seg-

ments. Even if the number of curves is the same, their respective arclengths

may not pair up in a fashion to create "nicely" shaped patches. These prob-

lems were solved with the following algorithm which compared arclengths

of successive curves on each cross-section, splitting curves into two curves

when differences in arclength was greater than a predetermined percentage.

Locations where splits are made are internally stored and create an addi-
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tionaleditingcapability,explained in further detailbelow. The algorithm is

as follows:

procedure match-curve-arclengths (faselage-cross-section,

tank-cross-sectio n)

begin

calculatepercent of arclength of each curve in

fuselage-cross-section;

calculate percent of axclength of each curve in

tank-cross-section;

determine value where curve percents of arclength

are close enough;

look at first curves in each cross-section;

while there is another curve in the fuselage-cross-section

and another curve in the tank-cross-section do

begin

if difference in percents of arclength of current

curves in each cross-section is greater than

close-enough-value then

begin

split curve with larger percent of arclength (pal):

first curve will have same pal as smaller curve;

look at second curve of split curve (other piece

of larger curve, farther along the cross-section)

and the next curve on the other cross-section;

end

else

look at the next curves on both cross-sections;

end

end

This algorithm accomplishes two things: both cross-sections end up with

the same number of Bdzier curves and corresponding curves have near-equal

percents of arclength, within an agreed-upon factor. As mentioned above,

information is stored as to which curve endpoints were created by splitting
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originalcurves. Although the percent of arclength is a reasonable way to

lineup corresponding curves, itissometimes preferrableto move the curve

endpoints to straightenthe patch wedges. "New n endpoints can be "dragged"

with the mouse: the change in mouse position istranslated into the change

in percent of arclength of the splitin the originalcurve and the original

curve is resplitwith the new percent. The subdivision of a Bd'ziercurve

is accomplished by finding control points of the curve as represented by a

higher degree polynomial. Each piece of the curve willrepresent the same

cubic polynomial on itsown intervaldomain, as explained in Section 5 of

this paper on Bdzier curves or [FARIN, pp. 75-6]. Therefore, each new

curve isan exact duplicate of the corresponding piece of the originalcurve.

By returning to the originalcurve each time, the originalshape of the cross-

sectionis preserved, but editingof at leastsome of the curve endpoints is

now alsoa feature of the software.

The other problem that needed consideration was the placement of Iong-

erons in the longitudinalstructuraldesign. The placeswhere these longerons

intersectthe fuselage cross-sectionneeded to be at "coruer" points of the

patches for laterstructuralanalysis,as explained in sections3 and 4 of this

paper on aerospace vehiclestructureand finiteelement analysis.The shape

of the vehiclein many instancesreflectsonly aerodynamic requirements, and

curve endpoints in the fuselagecross-sectionare usually not in the locations

of longeron placement.

The guidance from engineersat NASA Langley Research Center's Vehi-

cleAnalysis Branch can be summarized: longerons are ideallyspaced equally

around the fuselage,but must especiallybe placed at discontinuity points,

or curve endpoints where successivecurves are not slope continuous with

one another. Thus, a percentage of the longerons to be placed on the cross-

section,equal to the percent of arclength of the portion of the cross-section

between discontinuitypoints,should be equally spaced between the discon-

tinuitypoints. If the desired placement of the longeron is too close to an

already existing curve endpoint, a very narrow patch, which is undesirable,

might be created. To resolve this, if a desired longeron position is within a

curve-length, from the curve endpoint, corresponding to less than twenty-five

percent of the equal spacing curve-length for that section of the cross-section

between discontinuities, the longeron could be placed at the endpoint.

The resulting algorithm is shown in two parts. The first is the computa-

tion of a comparison value used to determine if the placement of the longeron
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requires the splitting of an existing curve or if it will be placed on an existing

curve endpoint:

procedure compute-compare-value (equal-spacing-length,

push-up-length, back-up-length, length-not-yet-included)

comment: Because longerons may be placed at curve endpoints

and not exactly at the equal-spacing-length, the quantities

push-up-length, or the curve-length difference of the

positioning point located past the end of equal-spacing-length,

back-up-length, or the curve-length difference of the

positioning point located before the end of equal-spacing-length,

and length-not-yet-included, or the curve-length total

from previous curves which did not total to equal-spacing-length

yet, keep track of differences in the calculated and axtual

position of the previously-placed longeron. The use of

the term "section" in the following algorithms refers to

the current portion of the fuselage cross-section between
discontinuities.

begin

if first curve in section then

compare-value = equal-spacing-length;

else

begin

if push-up-length and back-up-length are both zero then

compare-value = equal-spacing-length;

else if push-up-length > 0 then

compare-value = equal-spacing-length - push-up-length;

else if back-up-length > 0 then

compare-value = equal-spacing-length + back-up-length;

if longeron not placed on previous curve then

compare-value = compare-value - length-not-yet-placed;

end

end

The actual algorithm for placing longerons is:
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procedure place-longerons(f_selage-cross-section,

number-longerons-to.place)

comment: The first endpoint of a curve is the one closest to the

beginning of the cross-section, the second endpoint is

further along the cross-section.

begin

for each section of fuselage-cross-section between discontinuities do

begin

number.longerons-for-section =

( number-longerons-to-place) x (pal-of-section);

if number-longerons-for-section > 0 then

begin

calculate equal-spacing-length;

comment: equal-spacing-length = pal-of-section divided

by (number-longerons-for-section + 1)

look at first curve of section;

while all longerons not placed in section do

begin

compute-compare-value;

if pal-current-curve = compare-value then

begin

place longeron at second endpoint of curve;

look at next curve in section;

end

else if pal-current-curve > compare-value then

begin

if not first curve of section and

longeron was not placed on previous curve and
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compare-value < 25% of equal-spacing-length then

begin

place ]ongeron at first endpoint of curve;

back-up-length = compare-value;

end

else if pal-current-curve and compare-value

differ by > 25% of equal-spacing-length then

begin

split current curve (wrt compare-value);

place longeron at split point;

look at curve beginning at split point;
end

else if pal-current-curve and compare-value

differ by < 25% of equal-spacing-length then

begin

place longeron at second endpoint of curve;

push-ahead-length = difference of

pal-current-curve and compare-value;

•look at next curve in section;

end

end

else (pal-current-current < compare-value)

begin

increase length-not-_let-included by

pal-current-curve;

look at next curve in section;

end

end

place longeron at last endpoint of section;

end

end

end
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This algorithm would be applied to the fuselage cross-sectionprior to

the match-curve-azclengths algorithm to ensure that the interiortank cross-

sectionmatches the fuselagecross-sectionfor which the longerons have been

considered.

6.2.2 Ringframes

The originalalgorithms enabled constant percentage ringfxames, i.e.,those

ringfraxneswhose width at each one-thirdpoint of the fuselage cross-section

•was a given percentage of the length of the Bdgier curve from the one-third

point to the corresponding tank cross-sectionpoint,to be created. However,

in actual aerospace vehicledesign,the requirement forringframes isconstant

width and not constant percentage, although constant width isa misnomer.

At points of discontinuity,the width of the ringframe isusually a littlewider,

the leading edge of the ringframe maintaining the basic shape of the cross-

section at a place of greaterstructuralstress.

To createa realisticwidth for the ringframe at points ofdiscontinuity,the

followingalgorithm was used to change the calculated "normal" to the cross-

section at 1:hediscontinuitypoint. When normal vectors to each one-third

point are calculated,because the tangent to each curve at the discontinuity

isdifferent,the curves would have a differentnormal vector emanating from

the same point. This algorithm provides an alternativeto just averaging the

two norrnals at the discontinuitypoint:

procedure normal-at-discontinuity

begin

for each discontinuity point do

begin

calculate normal vector to second endpoint of

first curve meeting at discontinuity;

calculate normal vector to first endpoint of

second curve meeting at discontinuity;

compute points corresponding to tails of two

normal vectors;

compute tangent vectors to each curve at discontinuity;

compute intersection point between two lines through
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respectivepoints at the head of the normal

vectors in the direction of the tangent vectors;

new-normal -- vector from discontinuity to intersection
end

end

The ringframe patches are then constructed as follows:

procedure ring.frame.patches

begin

for each curve in fuselage-cross- section do

begin

calculate 4 inward B_zier curves using Hermite

representation of one-third point on fuselage-cross.

section curve, point in direction of normal at

ring frame-width , two vectors of ringframe-width

length in direction of normal;

calculate patch from 4 curves;

place patch in linked list;
end

end

7 Conclusion

The algorithms just described have been implemented in the current cross-

sections portion of SMART and preliminary feedback from the previously

mentioned NASA engineers has been extremely positive. The final implemen-

tation will be placed within the currently being developed structures portion

of SMART. Actual "snapshots" of the SMART display showing these results

are provided in Appendix A of this paper.

The development of software can be a very long and sometimes difficult

evolution. Getting a user to specify his or her requirements such that they

truly reflect the needs of the user can be extremely frustrating. The specifi-

cations may represent a simple concept yet the implementation may be very

complex, and the reverse is also often true. This project has added a new
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dimesion to SMART and should enable the designing and testing of the de-

sign phases of aerospace vehicle research and development to be accomplished

more expediently in the future.
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ABSTRACT

The Znvironment for_pplication _oftware _ntegration and

_xecution, EASIE, was designed to meet the needs of conceptual

design engineers that face the task of integrating the results

of many stand-alone engineering analysis programs. EASIE is

a set of utility programs which supports rapid integration and

execution of programs about a central relational database, and

it provides users with two basic modes of executing

operations: Application-DerivedExecutive (ADE), a menu-driven

execution mode which provides users with sufficient guidance

to quickly review data, select menu action items, and execute

application programs, and Complete Control Executive (CCE),

which provides a full executive interface allowing users in-

depth control of the design process. Users can switch between

these modes as needed. This project will consider the CCE

mode interface.

Two objectives of this project are to redesign the

selecting menus by using a windowing system and to reorganize

the selecting structures of the selecting menus. The project

will be implemented in the X window system, OSF/Motif version.
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1. AN INTRODUCTION OF THE EASIE SYSTEM

1.1 WHY E_IE _ DEVELOPED

The _nvironment for l_pplication _oftware _ntegration and

Execution, EASIE, was designed to meet the needs of conceptual

design engineers that face the task of integrating the results

of many stand-alone engineering analysis programs [REF 9].

The need for such techniques and tools has stemmed from the

computer aided design and engineering activities with Langley

Research Center's Space Systems Division (SSD).

1.2 WHAT EABIE WAS

EASIE provides

uniform interface.

access to the programs via a quick,

The most predominant system design

methodology uses the iterative technique. One progresses to

a final solution through successive application of analysis

techniques to increasingly refined data. EASIE facilitates

this process.

In addition, EASIE is a set of utility programs which

supports rapid integration and execution of programs about a

central relational database. EASIE provides utilities which

aid in the execution of the following tasks: selection of

application programs, modification and review of program data,

automatic definition and coordination of data files during

program execution and a logging of steps executed throughout

a design. Therefore, EASIE provides both a methodology and
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set of software utility programs to ease the task of

coordinating engineering design and analysis codes.

1.3 TWO OPERATION MODES OF EASIE

EASIE provides users with two basic modes of executing

operations. The first, _pplication-_erived Executive (ADE),

is a menu-driven execution mode which provides users with

sufficient guidance to quickly review data, select menu action

items, and execute application programs. The second mode of

execution, Complete Control Executive (CCE), which provides a

full executive interface allowing users in-depth control of

the design process. For example, when using CCE, techniques

are provided which allow the user to establish a design

sequence and then automatically re-execute the sequence. This

allows the engineer to refine input iteratively and review the

results with minimum interaction. Users can switch between

these modes as needed. This project will consider redesigning

the CCE-mode interface.

1.4 WHAT CCE MODE WAS

The CCE-mode interface provides the flexibility of an

operating system without requiring the user to track a

multitude of files, directories, or data. In CCE, commands

can be issued via menu selections or typed in via a command

line. Various levels of menus, display, and help text are

available.
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2. A COMPARISON BETWEEN THE CURRENT EASIF. SYSTEM

AND THE DESIGN PRINCIPLF 

To design a good human interface, we have to consider a

number of design principles which are to help ensure good

human factors in a design: be consistent, provide feedback,

minimize error possibilities, provide error recovery,

accommodate multiple skill levels, and minimize memorization.

These principles are discussed more fully in [REF 8].

As described above, EASIE provides significant

functionality; however, this utility is buried in the current

user interface. To see these problems, let us consider each

of the factors above with respect to the EASIE interface.

2.1 BE CONSISTENT

First, the EASIE interface is consistent. The conceptual

model, functionality, sequencing, and hardware binding in

EASIE have been uniform. For example, in the output portion

of EASIE, the menu items are always displayed in the same

relative position within the menu, system-status messages are

shown at a logically fixed place, and the same codings are

always employed. In addition, when considering the input

portion of EASIE, keyboard characters always have the same

function and can be used whenever text is being input, global

commands such as Help, Status, and Cancel can be invoked ab
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any time, and generic commands such as Hove, Copy, and Delete

are provided and can be applied to any type of object in the

EASIE system.

2.2 PROVIDE FEEDBACK

Feedback can be given at three possible levels,

corresponding to the hardware-binding, sequencing, and

functional levels of user-interface design. Currently, the

EASIE interface is restricted to keyboard input, thus

hardware-binding is trivially satisfied. EASIE provides some

sequencing feedback such as when each word of the input

language (command, position, object, etc.) is accepted by the

system. However, EASIE does not provide functional feedback,

for example, there is no acknowledgement communicated to the

user when an operation is processing.

2.3 MINIMIZE ERROR POSSIBILITIES

Users will make input errors in any system, and it is the

job of the user interface to minimize error possibilities.

The system tries to minimize the errors as possible. No

matter how, there may be some error occurred in the future.

2.4 PROVIDE ERROR RECOVERY

It is important to provide error recovery: Undo, Abort,

Cancel, and Correct. Unfortunately, EASIE currently only

provides the Cancel feature.



2.5 ACCOMMODATE MULTIPLE SKILL LEVELS

User interface methods which can be used to help

accommodate multiple skill levels are accelerators, prompts,

help, extensibility, and hiding complexity. EASIE, however,

does not provide accelerators which are faster interaction

techniques that replace slower ones. Secondly, it provides

some prompts which is to suggest what to do next, but these

are not generally sufficient. Thirdly, the EASIE interface

does not offer a sufficiently detailed help facility. For

example, the EASIE interface does not give a full explanation

about how to use commands. EASIE does offer a primitive

extensibility which means letting the user add additional

functionality to the interface by defining new commands as

combinations of existing commands. Finally, the EASIE

interface does not provide complexity hiding which can allow

new users to learn basic commands and to start doing

productive work without becoming bogged down with specifying

options, learning infrequently used specialized commands, or

going through complicated start-up procedures.

2.6 MINIMIZE MEMORIZATION

The final principle of user interface design is to

minimize memorization. The original configuration of the

EASIE system seems to be redundant. A new user has to read

commands on a complicated menu to get what is needed. It is

not economic.
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3. TWO OBJECTIVES OF THIS PROJF.,C'T

There are two objectives of this project: redesign the

selecting menus by using a windowing system, and reorganize

the selecting structures according to the design principles

outlined above.

3.1 REDESIGN THE SELECTING MENUS

Redesign of the menus of the _omplete _ontrol _xecutive

(CCE) mode will be implemented in the X window system,

OSF/M0tif version. Since the initial menus of CCE mode are

alphabetical with numerical selection, we want to redesign

those menus to be windows. This will allow the accommodation

of skill level in the EASIE system: hide complexity from the

user.

Window-based user interfaces [REF 7] have become a common

feature of most computer systems, and users are beginning to

expect all applications to have polished user-friendly

interfaces. The X window System, developed at Massachusetts

Institute of Technology (MIT), is an industry-standard

software system that allows programmers to develop

sophisticated user interfaces that are portable to any system

that supports the X protocol. In addition, X allows programs

to display windows containing text and graphics on any

hardware that supports the X protocol without modifying,.

recompiling, or relinking the application. X is based on a
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network-transparent client-server mode. The X server creates

and manipulates windows in response to requests from clients,

and sends events to notify clients of user input or changes in

a window's state. One important different between X and many

other window systems is that X does not define any particular

user interface style. X also provides a device-independent

layer that serves as a base for a variety of interface styles.

The OSF/Motif version of the X window system [REF 2] is

a graphical user interface combining a toolkit, presentation

description language, window manager, and style guide. First,

the OSF/Motif toolkit is a rich and varied collection of

widgets and gadgets for building OSF/Motif applications. The

toolkit provides a standard graphical interface upon which the

window manager is based. Second, the OSF/Motif presentation

description language allows application developers and

interface designers to create simple text files that describe

the visual properties and initial states of interface

components. Third, The window manager works with the toolkit

to manage the operation of windows on the screen. The window

manager provides functions for moving and resizing windows,

reducing windows to icons, restoring windows from icons, and

arranging windows on the workspace. Finally, the style guide

describes the standard for window manager and toolkit

behavior. It is a guide to usage, providing application

writers with guidelines for using toolkit widgets, widget

writers with guidelines for designing new widgets, and window



manager writers with guidelines for designing new or

customized window managers. Together, these four elements

provide the OSF/Motif to be a standard of user interface

behavior for applications.

3.2 REORGANIZE THE SELECTING STRUCTURES

The second objective is the reorganization of the

interface with respect to the previously mentioned design

principles. Version 1.0 of the EASIE interface has seven

different standard menus in addition to a "Permanent" Menu of

commands. They are Utility Selection Menu, Workspace Control

Menu, Data Review/Modification Menu, Application Execution

Menu, Procedure Execution Menu, Procedure Building Menu,

Template Building Menu, and the "Permanent" Menu mentioned

above. We find that the old ones are to be redundant and

ineffective. One objective of the reorganization will be the

minimization of memorization. Let us take an example of

Workspace Control Menu shown in Figure 1 on the next page.

There are twenty-eight choices. It is difficult for

users to select their choices. They have to read all the

selections, then make their decisions. Therefore, we want to

reorganize those menus to be more efficient. Let us have an

example. If your selection concerning the WORKSPACE, then

there will be only six choices: READ DESCRIPTION, NEW, COPY,

ACTIVATE, SAVE TEMPLATE, and REMOVE FROM UFD. It will be

easier for users to choose what they need. In addition, the"
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user can not enter some commands with file name or with path

if he/she does not know or make sure about the file names or

paths. There is no way for the user to get the information of

the file name or path he/she needs.

WORKSPACE CONTROL

1 - READ DESCRIPTION - WORKSPACE

2 - - CONFIGURATION

3 - - TEMPLATE

4 - - APPL. PROG.

5 - - PROCEDURE

6 - CLEAR LOG OF OLD INFORMATION

7 - TYPE - COMMAND LOG

8 - - PROCEDURE

9 -NEW - WORKSPACE

i0 - - CONFIGURATION

11 - COPY - WORKSPACE

12 - - PROCEDURE

13 - ACTIVATE - WORKSPACE

14 - - CONFIGURATION

15 - - TEMPLATE

16 - - APPL. PROG.

17 - - UTILITY

18 - - INPUT TEMPL

19 - - OUTPUT TEMPL

20 - - PROCEDURE

21 - - PROGRAM UFD

22 - SAVE TEMPORARY - WORKSPACE

23 - - PROCEDURE

24 - REMOVE FROM UFD - WORKSPACE

25 - - CONFIGURATION

26 - - TEMPLATE

27 - - PROCEDURE

28 - SET USER LOGIN CHARACTERISTICS

COMMAND FORMAT

RD WS <name>

RD CFG <name>

RD TPL <name>

RD APPL <name>

RD PROC <name>

CL

T¥ LOG <name>

TY PROC <name>

N WS

N CFG <name>

CP WS <f,to>

CP PROC <f,to>

ACT WS <name>

ACT CFG <name>

ACT TPL <name>

ACT APPL <name>

ACT UTL <menu>

ACT ITPL

ACT OTPL

ACT PROC <name>

ACT PUFD <path>

SAWS <name>

SA PROC <name>

RM WS <name>

RM CFG <name>

RM TPL <name>

RM PROC <name>

SLOG

ENTER COMMAND:

Figure I. WorkSpace Control menu
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4. AN OF TttlS PROJECt

4.1 AG__

The main purpose of this project is not to change the

existing EASIE system, but to design a nice-looking, window

selection menu for EASIE. The work of this project is to

provide a front end to EASIE for users which handles basic

menu processing and passes some commands as necessary to the

EASIE command processor. Thus, some processing and error

checking will be provided by the front end. EASIE commands

are written into a file called easie.file in the user or home

directory where they are available to the EASIE command

processor, and they are also shown ln the window for the user.

Error messages and warnings will also be displayed in this

window.

When the user starts EASIE, the user may enter a file

name as an argument. Alternatively, the system will use a

default file name called easie.input. The contents of this

file define the basic operating environment for EASIE and

include basic filenames and default directories. They are

WorkSpace (.WS), Configuration (.CFG), Application (.APPL),

Template (.TPL), Procedure (.PROC), home directory, program

directory, and base directory. For format purpose, a blank

line is entered if there is no corresponding file name or

directory for a particular environment. The contents may be

changed after being executed by the system. The following is
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an example format of the easie.input.

/tmp_mnt/home/tsai_c/project/ws.WS

/tmp_mnt/home/tsai_c/project/cfg.CFG

/tmp_mnt/home/tsai_c/project/tpl.TPL

/tmp_mnt/home/tsai_c/project

/tmp_mnt/home/tsai_c/project/program

/tmp_mnt/home/tsai_c/project/base

Figure 2. Basic Environment File, easie.input

The state diagrams in Appendix A define the operation

implemented for the improved EASIE interface. Appendix B

gives a user manual for the new CCE mode interface of the

EASIE system. What follows is a description of the new CCE

interface.

Upon initialization, the CCE mode interface will pop up

a window with eight basic selections in a main menu bar and

the current status or operating environment in the working

area. These eight selections are Tools, Open, Retrieve,

Update, Organize, Execute, Print, and List. The user can use

a mouse to choose any of these selections. The main menu is

further organized in a hierarchy which is a pull-down for the

first level of sub-menu and a pull-right for further levels of

sub-menu.

The working area will show the current status which

includes the file names of WorkSpace, Configuration,

Application, Template, Procedure, the home, program, and base

directories. These data are read from the default file,.

easie.input, or the filename which the user entered as an
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argument. If there is no such file name or if the file does

not specify that environment variables, the system will

display <null> on the corresponding position in the working

area. The current status will be updated during executing the

system. Before exiting the system, the user will be asked

whether to save the current status or not. If the answer is

"OK", the updated status will be saved; otherwise, the updated

status will not be saved, and the status will be kept as same

as the first time the user logged in.

4.2 IMPROVEMENTS

First, we have given the user a windowing system for

selecting choices. Thus, it is simpler for the user to select

his/her choice and memorization and confusion of the previous

system minimized. Second, we offer on-line help to assist the

user. The user can get the on-line help whenever he/she

pushes the help buttons. Third, we provide enhanced utility

to the user, for example, the user can change his/her program

or base directory as he/she needs. We also provide List

selection for the user. The system provides a list of all

appropriate files for a given situation, again, limiting the

memorization and confusion factors. Fourth, we offer the

current status. The current status indicates the current

operating environment of EASIE for the user. Fifth, the user

is provided with a file list for selecting when he/she needs

to enter some file names. Finally, we remove some unnecessary
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and confusing menu choices, for example, Toggle the display

mode (EASIE command T), Return to Previous Menu (EASIE command

R), Quit this sequence of menus and return to the utility

selection menu (EASIE command Q), Zero: cancel a command

sequence (EASIE command O).

4.3 SAMPLE SESSION USING THE CCE MODE

The following EASIE session is included as a sample for

the CCE mode user to follow. The screens given in Appendix C

were recorded during the session. References to screens in

Appendix C will be denoted byScreen n where n represents the

screen number. This sample session has been put together to

highlight the capabilities of the EASIE system using the CCE

mode environment. To initialize EASIE, we type "easie". As

described above this uses the file "easie.input". For

reference, the contents of this file have been given

previously in Figure 2.

Screen I is the general log-in screen presented to users

who log in using default log-in characteristics. It includes

a menu bar with eight selections, and a working area shown the

current status. The user can resize the screen 1 by using the

mouse device. Screen 2 is the resizing window. We will use

screen 2 to present the main window in the following examples.

Screen 3 shows the contents of the input file, easie.input

under the /tmp mnt/home/tsai_c/project directory, and it just

shows the user the contents of the input file before executing

13



the program.

The menu is organized in a hierarchy which is a pull-down

for the first level of sub-menu, and a pull-right for further

levels of sub-menu. The first level in the main menu is the

selections of the main menu bar which are 2ools, _pen,

Retrieve, L[pdate, Qrganize, _xecute, _rint, and List. Now we

choose the _ools selection, pull the sub-menu down, and select

the General Concept from the pull-right sub-menu. Note that

if there are pull-right sub-menus for the choice, there is a

triangle after that choice. Screen 4 shows the condition

above. Screen 5 shows the pop-up window after pushing the

General Concept choice.

the pop-up help window.

closed.

The user can push the OK button in

The pop-up help window will be

Screen 6 shows that we choose the _ystem command. A

System Command widget will be popped up. Screen 7 is the pop-

up widget. The user can type the system command in the

widget, and push the Ok button or strike the Enter key. The

EASIE command will be generated and written into one specific

file, easie.file. Pushing the Clear button will erase the

contents which the user typed in. The Help button will pop a

help widget up and show the on-line information for that

widget. Screen 8 is the pop-up on-line help widget pushed by

the Help button. If the user pushes the Close button in

Screen 7, the System Command widget and the on-line help

widget will be closed. The situation for the Comment choice

14



under the _ools selection is similar to the _ystem command.

Screen 9 shows the results when the user pushes the clear

Log choice. There are two sub-choices for the clear Log. An

appropriate EASIE command will be generated by pushing each of

these sub-choices.

Screen 10 represents the results of pushing the Open

selection. Next we pushed the _OME sub-choice which means we

want to activate an application from the home directory. An

ACTIVATE-Application-HOME dialogue widget will be popped up.

In this widget, all files with an .APPL extension will be

appeared. The functions of the buttons on the bottom of this

widget are similar to the buttons described above, except for

the Filter button. Screen ii shows how the user chose the

file name he/she wants. The chosen file name will appear in

the Selection column. The Filter button is a way to change

the directory. Select the directory the user want to change

to, and then push the Filter button. The list of file names

will be modified and shown for the new directory. Screen 12

shows the widget described above. Screen 13 shows the on-line

help information for the user by pushing the Help button.

Screen 14 shows the result when we chose the WorkSpace

sub-choice under the New pull-down sub-menu. New means that

we want to clear the WorkSpace filename in the current status.

Screen 15 is presented the result.

The Retrieve selection and the Update selection are

similar to the Open selection. Notice that the sub-choice

15



Directory under the U_pdate selection is an improvement of the

modified CCE mode. Let us take a look of this choice. Screen

16 shows that we pushed the _ASE sub-choice of the _irectory

under the _pdate selection. It means that we want to update

the directory for base programs and configurations. A Change-

Directory widget will be popped up, and the default base

directory will be shown in thls widget. Screen 17 is the pop-

up widget. The functions of this widget are similar to the

System command's.

Now we take a look of the _rganize selection. There are

four choices: Copy, _emove, _ave, and Rename. Screen 18 shows

the result when we chose the _pplication sub-choice of the

Copy. When the _pplication sub-choice under the _opy pull-

down menu selected, this result is in Screen 19. Screen 19

presents all the file names with .APPL extension under the

directory. The functions of this widget are same as the

ACTIVATE-Application-HOME widget. After selecting a file

name, the system will pop a COPY-to widget for the user to

enter the copy-to file name. Screen 20 demonstrate the COPY-

to widget. The functions of this widget is similar to that of

the pop-up widget of the System command choice. The functions

of the Bemove, Save, and ReName sub-choices under the Orgahize

selection, the Execute selection, the Print selection, and the

List selection are similar to the functions mentioned above.

Next we consider how to exit the EASIE system. We select

the Quit EASIE choice under the fools selection. Screen 2{
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shows the choice. A question widget will be popped up.

Screen 22 is the pop-up question widget. It will ask the user

whether to save the current status or not. Pushing the Ok

button means to save the modified status. Pushing the Cancel

button means to keep the original status as the first time the

user logged in. Screen 23 presents the result when the user

pushes the Ok button for saving the modified status. Screen

24 shows an example of EASIE commands generated during

executing the system. These generated EASIE commands will be

written into a file called easie.file, and will be sent to the

EASIE command processor.

4.4 COMMAND SUMMARY USING THE CCE MODE

The following section summarizes and collects the EASIE

command information of the CCE mode interface as it is

organized in this project. There are eight selections in the

menu bar of the main window. They are Tools, Open, Retrieve,

Update, Organize, Execute, Print, and List. In what follows,

we distribute EASIE commands under each of these choices. It

should be noted that the user is no longer responsible for

knowing the structure of these commands. The new interface

automatically provides this information. Some selections do

not have the EASIE commands since the functions of

selections can be performed by

interface. For example, Help

selection, and the List selection.

those

the modified CCE mode

choice under the !ools

As described above, some
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functions have been added to the modified CCE mode interface,

for example, changing the base or the program directory.

Tools Selection

S - System command

Used to pass a command to the operation system.

Form: S <system command>

Example: S is

C - Comment

Used to place a comment in the command log. This allows
notes to be inserted in the log for later reference and

clarity.
Form: C <comment>

Example: C enter today's date

CL - Clear Log

Used to remove prior information from a cluttered command

log or clear the log completely.

Form: CL <type>

Example: CL D

Allowable object types: D - prior to a given date

T - total, a new log started

L - Log out
Used to give an orderly closeout of the EASIE system, and
return the user to the computer's operation system.

Before exiting the EASIE, the system will pop up a

question widget, and ask the user: "Save Current
Status?". If the answer is "OK", the system will save

the current status into a file called easie.input;

otherwise, it will not save the updated status, and it

will keep the original status. After that, the system
will close all the windows which the user opened during

executing the system.
Form: L

Example: L

Open Selection

ACT - Activate

Used to associate the indicated object with the user's

workspace.
Form: ACT <type> <filename>

Example: ACT CFG /tmp_mnt/home/tsai_c/project/cfg. CFG
Allowable object types: APPL, CFG, ITPL, OTPL, PROC, TPL,

WS

N - New

Used to create a new object or get a fresh object.

18



Form: N <type>

Example: N WS

Allowable object types: WS, CFG, TPL, PROC

Retrieve Selection

TY - Type

Used to type the indicated file at the terminal.

Form: TY <type> <filename>

Example: TY PROC /tmp_mnt/home/tsai_c/project/proc.PROC

Allowable object types: LOG, PROC, BAT, FILE

RVU - Review

Used to review data from the configuration database.

This command invokes the interactive "REVIEWER" program,

and will display for possible modification a "view" of a

configuration database. A view of a database is defined

as the collection of variables defined by a data

template.

Form: RVU <type>

Example: RVU IDB

Allowable object types: IDB, ODB, TPL

RD - Read Description

Used to read a file description associated with any

workspace, program procedure, template, or database.

Form: RD <type> <filename>

Example: RDAPPL /tmp_mnt/home/tsai_c/project/appl.APPL

Allowable object types: APPL, CFG, ITPL, OTPL, PROC, TPL,
WS

Update Selection

ED - Edit

Used to invoke a system editor for certain operations.

Form: ED <type> <filename>

Example: ED PROC /tmp_mnt/home/tsai_c/project/proc.PROC

Allowable object types: LOG, PROC, TPL

CD - Change Description

Used to change a file description of the indicated object

by using the system editor.

Form: CD <type> <filename>

Example: CD TPL /tmp_mnt/home/tsai_c/project/tpl.TPL

Allowable object types: APPL, CFG, ITPL, OTPL, PROC, TPL,
WS

Orqanize Selection

CP - Copy

Used to copy one file to another.

Form: CP <type> <filename> <filename>
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Example: CP CFG /tmp_mnt/home/tsai c/project/cfg.CFG

/tmp mnt/home/tsaic/project/configuration.CFG

Allowable object types: APPL, CFG, PROC, TPL, WS, FILE

RM - Remove

Used to remove a file from the user's file directory.
Form: RM <type> <filename>

Example: RM CFG /tmp_mnt/home/tsai_c/project/cfg.CFG
Allowable object types: APPL, CFG, PROC, TPL, WS, FILE

SA - Save

Used to save the indicated object for the later work.

Form: SA <type> <filename>

Example: SA PROC /tmp mnt/home/tsaic/project/proc.PROC
Allowable object types: PROC, WS

CN - Change Name

Used to change the name of a file as indicated.

Form: CN <type> <old filename> <new filename>

Example: CN TPL /tmp_mnt/home/tsai c/project/tpl.TPL
/tmpmnt/home/tsai_c/project/template.TPL

Allowable object types: APPL, CFG, PROC, TPL, WS, FILE

Execute Selection

EX - Execute

Used to execute an indicated application program or
procedure command file.

Form: EX <type> <filename>

Example: EXAPPL /tmpmnt/home/tsaic/project/appl.APPL
Allowable object types: APPL, PROC

SUB -Submit

Used submit a job for batch processing.

Form: SUB <type> <filename>

Example: SUB APPL /tmp mnt/home/tsai_c/project/appl.APPL
Allowable object types: APPL

Print Selection

PR - Print

Used to print an indicated file at a local hard copy
printer.

Form: PR <type> <filename>

Example: PR LOG /tmp_mnt/home/tsai_c/project/log.LOG
Allowable object types: LOG, PROC, BAT, FILE

PRVU - Print Review

Used to print a template or a view of the database.

Form: PRVU <type>

Example: PRVU IDB

Allowable object types: IDB, ODB, TPL
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5. CONCLUSION

EASIE is consisted of a set of utility programs to meet

the needs of conceptual design engineers who needs many stand-

alone engineering analysis programs. Since the selecting menu

of the original EASIE interface are the alphanumerical menu

selection, and the structures of the selecting menu are not

well-organized. Thus, the main purpose of this project is to

give a front end to EASIE for the users. This project is

considered in CCE mode, and is implemented in the X window

system, OSF/Motif version.

This paper is organized by the introduction of the EASIE

system, a comparison between the current EASIE system and the

design principles, two objectives of this project, and an

outline of this project.

At the beginning, this paper gives the reader a general

concept about the EASIE system. By comparing to the design

principles, we found that the current EASIE got some flaws.

Therefore, the two objectives of this project are to redesign

the selecting menus and reorganize the selecting structures.

To redesign the selecting menus by using a windowing system is

to hide complexity from the user. To reorganize the selecting

structures is to minimize memorization. Finally, we give the

reader a general concept about the modified EASIE system in

CCE mode and some improvements we did.

Although we enhance some functionality to the current
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EASIE system in CCE mode, there are still some potential bugs

in this project. First, the input file must be in the correct

format; otherwise, the system will not perform well. This

project does not provide file-existence checking. Second, we

suggest that we can minimize the levels of pull-right menus.

It may be more organizing if we put the choices in the second

level of pull-right menus to be some buttons in the pop-up

widget as pushing the choice of the first level of pull-right

menu.
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ABSTRACT

The Environment for Application Software Integration and Execution, EASIE, provides a user

interface and a set of utility programs which support the rapid integration and execution of analysis

programs about a central relational database. EASIE provides users with two basic modes of

execution. One of them is a menu-driven execution mode, called Application-Driven Execution

(ADE), which provides with sufficient guidance to review data, select a menu action-item, and

execute an application program. The other mode of execution, called Complete Control Execution

(CCE), provides an extended executive interface which allows in depth control of the design

process.

Currently, the EASIE system is based alphanumeric interaction techniques only. It is the purpose

of this project to extend the flexibility of the EASIE system in the ADE mode by implementing it

in a window system. Secondly, a set of utilities will be developed to assist the experienced engineer

in the generation of an ADE application.
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I. Introduction

The Environment for Application Software Integration and Execution, EASIE, which developed

for NASA by Old Dominion University, Computer Sciences Corporation and Vehicle Analysis

Branch of NASA Langley, provides with a methodology and a set of software utility program to ease

the task of coordinating engineering design and analysis codes.

EASIE provides a user interface and a set of utility programs which support the rapid integration

and execution of analysis programs about a central relational database [1]. EASIE provides users

with two basic modes of execution. One of them is a menu-driven execution mode, called

Application-Driven Execution (ADE), which provides users with sufficient guidance to review

dam, select a menu action-item, and execute an application program. The other mode of execution,

called Complete Control Execution (CCE), provides an extended executive interface which allows

in depth control of the design process. In CCE, commands can be issued via menu selection or

directly typed. Although CCE provides the flexibRity of an operating system, it also is complicated

to use like an operating system. Most users currently access the EASIE system via the menw-driven

mode known as ADE.

In general, the EASIE system addresses the needs of two different classes of users who be involved

in the buildup and use of an engineering design system.

The first classification represents the engineer/designer/analyst. Tiffs group conducts the design

study through the execution of modeling and analysis programs and the generation of data required

to this evaluate the design against its objectives. EASIE documentation will refer to this group as

"EASIE system users" or, more often, as "designers". In general, these users are only interested in

executing programs already installed into an EASIE design system [1].

A second group aided by EASIE will be referred to as "application programers" or "experts".

These programers/engineers are responsible for the development and improvement of modeling and

analysis programs used in the engineering design process. EASIE documentation will refer to this

group as "experienced engineers". They are the experts with respect to particular application

programs and can defines its input and output variables [1].

2. EASIE : ADE-mode Considerations

The predominant design method used by engineers is the iterative technique. One processes to

a final solution through successive applications of analysis techniques to increasingly ref'med data.

EASIE provides a basic user tools which support the selection and execution of application

programs, viewing, and editing of program data. EASIE also provides tools for a design team t_

easily manage the design environment by providing the ability to quickly integrate new analysis

programs and data with the existing environment.



2.1Conceptsof EASIE system

Conflmn'atlon l)nts:

Configur_ion data is stored in a systc_ dmbase. An advantage of the F._Sm user

in_facc is that data held in the database are anatomically communicated m either a user or an

appUcadon program in an appropria_ formal Once the basic dam definitions and values have been

made, a copy of this "master" database is placed in a controlled project directory. Access to this

database is provided on a "read only" basis. That is, the users may display the configuration dam

for review, or they may make copy of the database for their personal files. Updates to the master

database can be entered only by the design manager [1].

Reviewer:

The EASIE software interface provide a program called the "REVIEWER" which can access any

data. Based upon an indicated analysis program or other dataset in the database for a designer, the

REVIEWER, using information contained in the database, can then make the appropriate selection

to retrieve the necessary input and present that data at the terminal

Rm.._.ii_tteg

The software screen forms used to control the flow of data to and from the database are ca/led

data templates. A data template is basically a list of all data required for input (or supplied as output)

by a given Frogram along with their required data formats. Since data templates arc generated by

EASIE utility program. Finally, access to these data templates is used in conjunction with the

REVIEWER to directly modify the variables in the database when presented during the Review

process [1].

A final utility called the Formatter uses the data templates to enable the automatic generation of

FORTRAN subroutine source code, called Forma_r code, which can be placed in the application

program allowing it to retrieve data or store data into the database during program execution.

2.2 Sample Session for ADE mode

Menu displayed during an ADE session are typically created by experienced engineers to guide

new users through the proper sequence of steps to conduct some particular design activity. Given

such an interface, an introductory user can easily learn to manipulate data and execute programs in

the AppLication Derived Executive (ADE) mode. Now we look at an example to describe an

interaction with EASIE for a given application. This example illustrates capabilities of the EASIE

system It consists of four short programs that define and draw a box. Figure 1 represents the basic

relationship among these programs and their data.

Within the concepts of the EASIE system, we can realize this figure in a straight forward manner.
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Figure I. Flow Diagram For Sample Session Using EASIE





The Box program extracts dimensional data from the database, calculates physical

properties(volume), and stores it in the database. The MAKGEO program extracts the dimensional

data from the database, create a geometric boundary representation for the box, and stores that data

in the database. The object of the DRAW program is to display the box geometry that exists in the

database.

The session commences with the user entering the following command (underlined text represents

user input).

$ exmenu

CS-

DC-

CD-

R -

E -

p .

X -

SELECT A CONFIGURATION

DEI.EI_ A USF.R CONFIGURATION

EDIT A CONFIGURATION DESCRIPTION FR.E

REVIEW PROGRAM

EXECUTE A PROGRAM

PRINT OU'I_UT FR.,F_.S

EXIT

Input: label - menu choice, <CR> - rcla'int menu - CS

SCREEN 1

Screen 1, the first screen presonted, provides a menu of the commands available for basic

interaction:selection,deletion,editing, and review of configurationdata,program execution,and

printedout From figure1,the firstchoice from thismenu would be CS for the selectionof a

configurationdatabase.

MASTER CONFIGURATIONS

DEFAULT

USER CONFIGURATIONS

SHOULD A NEW CONFIGURATION BE CREATED (Y = yes )

Y

COPY SOURCE CONFIGURATION ( FOR DEFAULT VALUES )

TO THE DESTINATION CONFIGURATION

ENTER SOURCE CONFIGURATION ( "I" TO LIST ) :

DEFAULT

ENTER DESTINATION CONFIGURATION ( "1" TO LIST ) :

NUDATA
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COMMENCINGDATABASE COPY

SCREEN2

Screen 2 is the result of that selection. The first four lines displayed indicate the existence only

the master configuration database DEFAULT. Since EASIE users may changed only personal

database. Then, the following steps are the copy of configuration. In ADE mode, the menu provides

basic selections available for designers, then designers use the keyboard for alphanumeric input to

the program. Successive menu choices allow designers to complete a special execution of programs.

Derails of the sample session described above can be found in the EASIE Volume m _ Program

Execution Guide.

Control of the system during ADE is governed by a command procedure designed by the

experienced engineer who, as it will be seen, must also be an expert on the EASIE system. The

next section demonstrates how procedures are structured in EASIF- Thus the construction of such

procedures should be considered a priority in order to fit the needs of de_gners who will use the ADE

mode.

2.3 Menu Manipulation and Construction in ADE mode

Since design is generally iterative in its nature, the procedures controlling the EASIE sessions

forADE usersshouldhave the abilitytojump and loop when needed. Dm'ing theexecutionof a

procedure, EASIE will keep track of its position via a procedure counter (pc). The procedure counter

may be reset by jumping to a labeledstatement within a procedure. Labels are placed in a procedure

with a comment statement of the form below:

C LABEL : < label_id >

Consider this example.
GET JMPL THERE

C LABEL :THERE

Menus can be presentedtothe ADE userviathe "GET MENU" command. The formatforthis

command is:

GET MENU < n > where < n > represents an associated menu number.

Menus are stored in separated fries, whose format is detailed below. The combination of this

command, along with the ability to jump and loop within a procedure, provides EASIE with the



flexibility to make the ADE interface work. The procedure file u_ be executed is linked to a

particular choice of USER-ID and is automatically executed when EASIE is initiated with that ID.

The following illustrates the procedure and its associated menu files [I].

C LABEL : MM

GET MENU 1

C LABEL : R

GET MENU 2

CLABEL : E

GET MENU 3

CLABEL : CS

GET CFG

GET _MPL MM

C LABEL : DC

RM CFG

GET ]MPL MM

C LABEL :CD

CD CFG-

GET YMPL MM

C LABEL :BIR

RVU BOXIN

GET JMPL R

C LABEL : BOR

RVU BOXOUT

GET JMPL R

CLABEL : MR

RVU MAKGEOIN

GET JMPL R

C LABEL : DR

RVU DRAWIN

GET IMPL R

C LABEL : BX

EX APPL BOX

GET IMPL E

C LABEL : MX

EX APPL MAKGEO

GET JMPL E

C LABEL :DX

EX APPL DRAWIT

GET IMPL E

CLABEL : X

L

N

Figure 2. A printout of the procedure ffie



CS
De
CD

R

E

P

X

CS

DC

C

R

E

X

SELECT A CONFIGURATION

DELETE A USER CONFIGURATION

EDIT A CONFIGURATION DESCRIPTION FILE

REVIEW PROGRAM INPUT

EXECUTE A PROGRAM

PRINT OUTPUT FII_S

EXIT

Figure 3a. EXMENU.PROC_I.

BIR

BOR

MR

DR

MM

BI

BO

M

D

R

REVIEW INPIYr FOR BOX

REVIEW OUTPUT FOR BOX

REVIEW INPUT FOR MAKGEO

REVIEW INPUT FOR DRAWIT

RETURN TO MAIN MENU

Figure 3b. EXMENU.PROC 2.

BX

MX

DX

MM

B EXECUTE BOX

M EXECUTE MAKGEO

D EXECUTE DRAWIT

R RETURN TO MAIN MENU

Figure 3c. EXMENU.PROC_3.

A review of the commands in figure 2 procedure reveals the use of the GET MENU command

three times -- namely, command 1, 2 and 3. Since each of these has a different number, it refers

to each of the menus listed on figure 3. For example, GET MENU 2 refers to the menu contained

in file EXMENU.PROC_2. In general, the use of the statement GET MENU < n > in a procedure

with the name <proc_id> requires the existence of a menu file.

In general, when a procedure is activate, command are being sent to the EASIE command

processor from the procedure, and thus are not expecting feedback from a user. It is clear from the

above example that construction of an ADE-mode procedure is a nontrivial operation and requires

an expert on the EASIE system. Unfortunately, EASIE does not provide the analyst with utilities

to create a predefmed procedure and associated menu files.

As a final note, EASIE user file directory will contain a large variety of files. Though an

explanation of each of these files is attracted, there would generally be little reason for a general user



to become involved with any of the details or naming conventions used in these files. Such details

can and generally should be left for the EASm system to monitor. Although most dcsiffners prefer

to access EASIE via the ADE mode interface, many have voiced disappointment over the lack of

a modern intedace. In addition to the preceding section makes il clear construction of such an

interface is difficult at best. This has led us to identify two major problems with the current EASIE

ADE mode interface.

2.4 The Drawbacks of EASIE in ADE mode

• The EASIE system is based alphanumeric interaction.

• Controlof the system duringADE mode isgoverned by command procedure.The construction

of such procedmes aredesigned by an eXlX_enced analyst.

3. Principles of Interface Design

Most computer users feel that computer systems are unfriendly, uncooperative and that it takes

too much time and effort to get something done. They feel dependent on specialists, and they notice

that"softwareisnot soft".Users use computers astoolsforachievingtasksof particularproblem

domains such astextprocessing,financialplanning,orcomputer--aideddesign.Itistoomuch toask

users to learn about something as complex as a large computer program by direct observation of what

the program does. Therefore,theoverallgoalof thedesignmethodology isto help programmers

delivertheirdesigns,notonlyby reducingthecomplexityofthedeliveryprocess,butalsoby helping

toensure thatthedeliveredsystem providesa good interfaceforusers.

The quality of the user interface often demrmincs whether users enjoy or despise a system and

ul_m_tely whether the system is even used. The following will describe five principles of interface

design [4] [5].

3.1. Put the User in Control

An effective interface allows users to form an accurate and detailed cognitive representation of

thesn'ucmre of thesoftwareand tolearnquicklyhow to operateit.A poor interfacefi'uswatesand

confuscs usersplacingthem inconstantdoubt about where they arein application;itmakes users

unsure that they can predict how the software will respond to their direction; it creates difficulties

in operating the software; and it makes it easy to make errors but not to recover from them.

In order to solve this problem, different interface construction techniques have been proposed."

• Provide online help that informs the user about the structure and operation of the application.

• Provide effective prompts and status messages that guide the user through procedures and keep
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theminformedaboutprogramstares.

• Provide error messages that allow the user to understand both what went wrong and how to

smoothly recover from the error.

• Provide the user with the means to move freely within and between screens and the abil/ty to

move easily to major menu items and to quickly exit from the application.

• Provide consistency in the use of words, formats and procedure.

3.2. Address the User's Level of Skill and Experience

One of the most difficult problem for you as a software developer is overcoming this gap between

your skills and the skills of most users. If the application you are developing will be used by people

with no computer experience, then your design must favor these users over the more experience

ones. In order to solve this problem, different interface construction techniques have been proposed.

• Avoid jargon.

All computer terms and other technical jargon not familiar to the users must be eliminated from

the interface or explained w the users. The design mast be subjected m ensure that potential users

undex_'tand the words contained in menus, messages, help text and m1_ials.

• Use appropriate transaction control procedures.

New users will be most comfortable with menu or simple question---and--answer dialogue.

Experienced users can use these methods, but they may want to be able to s_'ing together sequences

of commands and use function keys w speed up the openuion of an application.

• Provide several levels of detail for error and help messages.

Experience._l users need _rror and help messages m remind them of what they already know. New

users, however, need step-by-step procedures and examples that instruct them in the operation

of the application. The needs of both these groups can be met by providing more than one level

of help and error message.

3.3. Be consistent in wording, formats, and procedures

Consistency is an important feature that should be built into every interface and it shou|d be

mainta/ned across applications. Consistency helps the user to learn an application more easily,

use it more easily, and to recover more easily when there is a problem.

3.4. Protect the user from inner working of the hardware and software that is behind the

interface •

One of the characteristics of a poor interface is that it displays information about the internal

workings of the software that the typical end user cannot understand. For example, displaying a
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messagesuchas"FORTRAN END" may tell you that the software is operating normally, but it may

be meaningless to the end user. In addition, many new users are very sensitive about their lack of

knowledge of computer hardware and software. As aoonsequence, they are immediately upset when

words and phrases that describe the internal workings of the software are displayed on the screen.

A good interface will protect the user from having to know about the inner working of hardware and

software tools.

3.5. Minimize the burden on the user's memory

Human beings are poor at recalling detailed information but are remarkably good at recognizing

it. A good interface design should minimize the need for the user to memorize and later recall

information. Whenever possible, users should be able to choose from fists and be allowed to use

their rex_gnifion memory rather than their recall xnemoD,. Here different interface construction

techniques have been propow.A.

• Be Consistency in your use of words, formats, and procedures. Consistency reduces the user's

need to learn and remember new information.

• Display status messages that remind users where they are in an application and what options are

in an application and what operations are in effect.

• Provide online help that is designed as an aid to memory.

• Use memory joggers in prompts and data entry captions. For example, tell users how to format

dates, such as (mm/dd/yy).

4. Modification of EASIE in ADE mode

4.1 Window system : OSF's MOTIF

Almost all modern user interface are window--based. Windows allow the user to interact with

multiple source of information at the same time. Window techniques allow a relatively rapid access

to more information than is possible with a single frame of the same screen size. The window system

provides many of important features of the modern interface, for example, applications that show

results in different area of display, the ability to resize the screen areas in which those applications

are executing, pop--up and pun-down menus and dialog boxes.

Currently, the EASIE system is based alphanumeric interaction techniques only. The goal in the

design of any menu should be to facilitate the user's ability to make a choice quickly and accurately.

It is the purpose of this project to extend the flexibility of EASIE system in the ADE mode by

implementing it in a window system. The user-interface, with its windows and puUdown menu_

is popular because it is easy to learn and requires little typing skill. The windowing system chosen

to implement EASIE is OSF/MOTIF. What follows is a brief description of Motif [2] [3].
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OSF/Motif is a graphical user-interface toolkit, window manager, style guide, and user-interface

language. Motif's graphical interface is based on the X window system from MIT. This underlying

technology provides you with a network-based graphical nser interface. Motif is composed of a

style guide, window manager, interface toolkit and preseatation description language.

• Style guide

The style guide describes a standard behavior and a set of connections for applications, to ensure

a consistent feel on multiple applications. The style guide includes extensions for powerful

network-based worksmt/on. Its "look" is based on the HP-three dimensional screen-button

appearance.

• Window manager

The window manager lets you manipulate multiple applications on the screen and plays a

principle role in enforcing the style guide.

• Interface toolkit

The OSF/Motif toolkit is based on the X windows intrinsic:s, a toolkit framework provided

with MIT's X window system. The intrinsics use an object-oriented model to create graphical

objects known as widgets or gadgets. The specified widgets maintain consistency between

applications.

• Presentation description language

This language enables application developers to describe the presentation characteristics of

the application interface independent of the actual application code. The separation between

application and interface lets you make many changes to the overall appearance and layout of an

appLication without having to modify, recompiler, or relink the application itself.

4.2 Design Considerations for ADE Facilitator

Menus displayed during ADE mode are typically created by experienced engineers to guideother

designers in the proper sequence of steps to conduct some particular design activity. In this project,

in addition to implementing ADE mode in a window system, a set of utilities are developed to assist

the experienced engineer in the generation of an &DE application. It is assumed that an experienced

engineer has sufficient knowledge of the desired application to develop an organizod approach to

use of that application. The &DE facilitator has been developed to capture this information in a way

that automatically includes a number of good interface design principles. Thus we have designed

the &DE facilitator to overcome the problem listed in section 2.4. In addition, the &DE facilitatoY

provides the engineers a simple environment to generate the &DE application easily. Experienced

engineers are not required to have any knowledge of principles of interface design or OSF/MOTIF
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• They make use of the ADE facilitator to build up an application-dependent hierarchy menu in any

desired format.

In order to develop ADE facilitator as a good interface, there are a lot of issues we considered.

• The layout of menus

When the user interface makes use of graphical objects such as window and menus, it is called

a graphical user intcrface(OUI). Compared with the nongraphical application, interactive graphicals

makes menu selection such simpler and faster. The menu is displayed on the screen, the user points

to a selection with a graphical input device, like mouse. This menu can facilitate the user's ability

to make a choice quickly and accurately.

In application programs with commands or many different openmds, the size and complexity of

the interface can become a serious problem. A simple solution is to use a multilevel menu. With

a hierarchical menu, the user first selects from the choices set at the top of the hierarchy, which causes

a second choicesettobe available.The processisR_)cateduntila leafnode of thehierarchytrcc

is selected. Since the ADE facilitator captures the organization of an experienced engineer, a natural

task decomposition is obtained.

• Feedback

Feedback is as essential in conversation with a computer. A selected objected or menu command

is highlighted,so the user can know thatactionhas been acccpte,d. In thisproject'when the

application designer travels the menus being built, information about the current level of menu

hierarchyisdisplayedina listwindow. Thislistwindow providesgood feedback fortheapplication

designer.Inaddition,thefullfeedbackfacilitiesof OSF/MOTIF areautomaticallyprovidedforthe

finalADE application.

• Error Recovery

A poorly design interfacegives the user no choice but to proceed with the command. A

weLl-designedinterfaceletstheuserback outof such situationwithacancelcommand. With good

errorrecovery,theuserisfrcctoexploreunlearnedsystem facilitieswithout" fearof failure". In

a lessserioustypeof error,the usermay want tocorrectone of unitsof informationneeded for a

command. The dialogue style in use determines how easy to make such correctionsarc.

Command-language input can be correctedby multiplebackspaces tothe item inerror,followed

by reentryof the correctedinformationand allthe informationthatwas deleted.This project

providesthesecapabilityautomaticallythrough itsOSF/MOTIF interface.

• Be Consistent

Consistencyreducestheuser'sneed tolearnand remember new information.For example, whcr_

theselectprocedureisused on allmenu, a userhas tolearnitonlyonce and itiseasiertoremember.

In thisproject,we provide thecapabilityfor selectingmenu by pushing firstbuttonof the mouse,
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and pointing a special item before doing insertion with second button of the mouse. Again these are

capabilities provided automatically through the OSF/MOTIF interface.

• Provide online documentation to help the user to understand how to operate the application

In this project, we have provided a help menu that gives the user a brief overview of how to use

this application.

4.3 Demonstration of the ADE Facilitator

In windows 1-28, we demonstrate the use of the ADE facilitator. These windows also illustrate

those characteristics we mentioned above that lead to a well designed interface. For this example

we develop an interface for the sample problem stated in section 2.2. This interface is developed

with the following steps.

Window 1 is an original ADE facilitator, there is no menus with it.

Step 1. Push the "Add menubar Item" button.

Step 2. Type in the name of new menubar item.

Step 3. Click on the "ok" button.

Windows 2 -7 show the procedure of creating new items on the menubar using stepl-step3

recursively.

Step 4. Point the pulldown menu of a menubar item using first button of the mouse.

Step 5. Push the "Add Item with subItem" button.

Step 6. Type in the name of a new item.

Step 7. Click on the "ok" button.

Windows 8-11 show the procedure of creating a new cascading item using step 4-step 7.

Step 8. Point the pullright menu of a branch item.

Step 9. Push "Add Menu Item': button.

Step 10. Click on the "ok" button.

Step 11. Type in the EASIE command.

Step 12. Click the "ok" button.

Windows 12-14 show the procedure of creating a new leaf item using step 8 - step 12.

Window 15 is the resulting of built menu of fL,'Stitem at the menubar.

Step 15. Select an item on list window using the in'st button of the mouse.

Step 16. Release the button.

Windows 16 -17 show the procedure of deleting an item from the menu using step 15 ~ step 16.

Window 18 -23 show the procedure of building the menus of second item at the menubar.

Window 24 shows the menu of third item at the menubar.

Step 17. Push "Delete Menubar Item" button.
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Step 18. Type in the name of the item existing on the menubar.

Step 19. Click on the "ok" button.

W'mdows 25 -26 show the procedure of deleting a menubar item.

W'mdow 27 is the dialog box for "save" button.

W'mdow 28 is the dialog box for "Exit" button.

W'mdows 29 -34 show the EASIE user intm'face built by ADE facilitator. This user interface helps

the EASIE user make a choice quickly and accurately. When a leaf node of a hierarchy menu is

selected, a special command will be showed up on the list window and being sent to the EASIE

• command processor at the same time.

5. The general Structure of the Solution

As seen in the previous chapter, presentation of an ADE facilitator menu is best carried out in a

hierarchical manner. This hierarchy is easily described by the tree data su'ucture shown below.

5.1 Data Structure

typedef strucna, menu {

structure info data;

structtn_ menu *sub_menu;

SD'UCL'LU'emcnu *nexL;

} *node;

Since the purpose of the ADE facilitator and the creation of an ADE application, the menu

structure cannot be known ahead of time and therefore must be dynamic. The usual approach to

declare a space large enough to hold the maximum amount of data we could logically expect cannot

work. Thus tree components are created only as they arc ncw.,ded. Each component contains

information about the location the next components. Such a tree can expand or contract as the ADE

facilitator is executed and we use this dynamic data structure to hold the structure of the newly

created menus.

In general, each node of this structure contain information related to the menu choice it represents

as well as two information of locations. The first location is that of next menu item at same level

of hierarchy, and the other is the location of the first choice for a submenu item.

Figure 4 demonstrates the structure of menus.
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5.2Mechanisms

Weprovide two oIm'afions on the data _ucu_ mentioned above.

( i ) Add an item to the menu.

( ii ) Delete an item fa_n the menu.

Each Rcm has its own ID. We use a binm'y expression to represent the location of an item or

subitem in the hierarchy of the menu to which it belongs.

ID=000O 1100001 =33

I I

second level first level

figu_ 5.

The first five bitsfrom right side stand fox the first level of hierarchy in the menu, the second

five bits stand for the second level of hierarchy and so on. For example, consider the ID number

33 in figure 5. This binary expression represents the first subitem of the first item at the first level

of hierarchy in the menu. Thus the current implementation use a five bits to stand for each level,

and therefore there arc 32 items at most fox each level of hierarchy in the menu.

We use bitwise operators to deal with the problem from adding or deleting a menu or submenu

item. Except for the ID of any item at the first level of hicrm'chy menu, simple addition or subtraction

operations on the ID arc not sufficient to find the ID of the next submenu item.

IDI =0000 110000 1 =33

]/)2=0001 010000 1 =65

figure 6.

In figure 6 IDI represents the first submenu item of first item located at the first level of hierarchy.

]£)2 represents the second submenu item of first item located at the first level of hierarchy. Using

the bitwiseoperators,we can easilyrealiz,the relationshipbetween ID Iand ID2 as follows.

hum = (IDI & 01740 )>> 5;

num ++ ;

numtemp = (IDl 101740 );

num = - ( ( ~ num << 5 );

ID2 = num& numtemp;

Based upon thisencoding themenu hierarchycan easilybe storedinfileformat.The resultingmenu

treeneeds to be storedfor both latereditingor using in an ADE sessionby a design engineer.

Currentlywe differentiateleafnodes in thetrecfrom branch nodes as follows.

( i ) Format for an item with submenu ( branch node) :

ID name :

(ii)Format foran item withoutsubitcm (leafnode ) :
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command name

Of course, design engineers do not need to have this knowledge of the format of a file, it is handled

automatically for them. When they develop an application-dependent menu, the ADE facilitator is

going to help them store the menu tree.

5.3 Capabilities and Limitations of ADE facilitator

We note the following capabilities of designed into the ADE mode facilitator.

• Add an item with submenu into the puUdown or pullright menu at any special position.

• Add an item without submenu into the pulldown or pullright menu at any special position.

• Delete an item with submenu from the pulldown or pullright menu.

• Delete an item without submenu from the pulldowm or pullright menu.

• Add an item into the menubar at any special position.

• Delete an item from the menubar.

We also note two cautions for the current implementation.

• We can create six levels of menus at most.

• Each level of menu could have 32 items at most.

6. Conclusions

In this project, we used OSF/MOTIF toolkit based on the X window system to implement new

ADE mode. In addition, we designed an interface with facilities to help the design manager easily

build the application-dependent menu, called the ADE facilitator. With this, an EASIE design

manager can quickly develop an application-dependent menu to any desired format, and the EASIE

user can make a choice quickly and accurately.
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IMPLEMENTATION OF AN ALGORITHM FOR DATA REDUCTION USING

CUBIC RATIONAL B-SPLINES

ABSTRACT
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INTRODUCTION

The purpose of this master's project was to implement

and evaluate the data reduction algorithm outlined by Chou

and Piegl [CHOU92]. A copy of their paper is provided in

Appendix A. Compared to other curve fitting schemes, this

method "provide[s] a sufficiently clear insight into the

geometric characteristics of curve construction." The

authors' describe the general technique, but not the details

required to develop a correct,-robust program. Much of this

p_-oject was spent investigating these details. The result

was in an even greater depth of understanding about curve

geometry. These insights constitute the bulk of this

report.

First, however, curve fitting and its relevance to a

significant class of practical problems is explained. Some

of the mathematics of Bezier curves and B-splines are

detailed since both are used in the Chou/Piegl algorithm.

Next, the algorithm itself is briefly summarized. The large

library of geometric operations which were developed in

support of the implementation are described. Some of the

more important geometric Zssues encountered - including

ambiguity', data validity, and the meaning of error in the

context of this fitting method are documented. Finally, an

evaluation of the data reduction attained with the final

program, using several representative data sets, is

presented.
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CURVEFITTING

Curve fitting and surface design constitute a very

general class of problems with broad application to

engineering. There are many methods to model objects for

engineering analysis. The 'best' curve or surface with

which to do this is a function of the analysis to be

performed as well as a compromise based on available

computer resources. For the most part, curve and surface

modeling require extensive, use of graphics, both to verify

the accuracy of the model and for proper visualization and

interpretation of analysis results.

Most of this work was performed under a research grant

at NASA LangZey's Vehicle Analysis Branch (VAB). At VAB,

engineers and computer scientists are currently applying

surface fitting methodologies to aerospace vehicle design in

a system called Solid M_odeling Aerospace &esearch T_ool

(SMART). SMART allows a user to interactively create a

model made of surface patches. It has automated the

manipulations necessary to convert this model into

descriptions suitable for use by pre-existing analysis

packages. Surfaces in SMART are represented using Bezier

patches (see Theoretical Background) however some

consideration is being given to other techniques. The

Chou/Piegl algorithm is one such alternative.

THEORETICAL BACKGROUND

C.Lll've fitting is the process of defining a set of

piecewise polynomials to approximate some set of discrete
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data points. A polynomial representation is compact - one

segment can approximate several data points and interpolate

infinitely many others - and provides the functional

description required for many types of engineering analysis.

Cubic parametric polynomials are quite prevalent in

curve fitting applications. Cubics are preferred over

lower order polynomials because they permit slope continuity

and interpolation at endpoints or, alternatively, they can

be manipulated to achieve second derivative continuity in a

relatively simple fashion. Practical experience has shown

that higher order polynomials tend to oscillate undesirably

between interpolation conditions [KREY79] .

In the context of curve representation, parametric means

the location of a point {x,y,z} is defined as a function of

an additional variable, called a parameter. Typically, _ -'_U(.ll

a variable is deno:ed by t and i_ specified over a closed,

real interval. The _egments, or individual pieces which are

combined to form a curve, are each described parametrically

as (X(t),Y(t),Z(t)}. This eliminates interdependencies

between x, y and z and provides great flexibility in the

types of curves which can be represented. Any non-

parametric form can be easily converted to parametric

notation. The computational stability of calculations

involving parame[ric curves can be directly influenced by

the choice of the parameter variable's interval. A common

interval is 0 L t L i.
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It is not probable that a single cubic curve will

accurately approximate a set of data points. In a piecewise

representation, cubics are fitted through subsets of the

data. These segments must meet some sort of interpolation

conditions at their end points in order to join smoothly

with adjacent segments. An nth-degree polynomial has n+l

coefficients which can be determined by solving n+l

simultaneous equations. In practice, this means n+l

interpolation conditions for a segment are required to

calculate its polynomial form. This data can be n+l points,

two endpoint slopes and n-I points, or various combinations

of points, slopes and higher derivatives.

Pararneterization has a subtle effect on the concept of

continuity between segments. The result is a distinction

between derivative (C n) and geometric (G n) continuity

[FOLEgO] . C n means that all derivatives with respect %o t,

up to and including the n th derivative, are equal betxeen

segments. Geometric continuity is more clearly demonstrated

by visualizing a curve segment's end point tangent vector.

Two segments are G 1 continuous if their tangent vectors are

scalar multiples where they join. The parameter, t, i,s not

shown and the resulting curve plotted in x, y, and z

exhibits no change in slope between segments. C n implies G n

except for the case where the nth derivative vanishes.

Geometric continuity is often less computationally exper_sive

than derivative continuity. It is used in applications where

visually pleasing results are the major requirement. Many
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engineering analyses are based on an underlying parametric

model which demands derivative continuity.

There are many ways to describe a cubic polynomial

segment. One method, which will be utilized in this

project, was developed by Pierre Bezier [FARIB8] . It uses

four known points, Po..P3, to calculate cubic polynomial

coefficients. A Bezier segment interpolates PO and P3- P1

and P2 are called control points because they define the

direction and magnitude of the endpoint tangents but are not

themselves interpolated. Since the endpoint slopes are

defined, it is possible to construct a piecewise Bezier

curve with C1 continuity. A cubic Bezier parameterized on O

< t < i has the form

C(t)=(l-t)3Po + 3t(l-t)2pl _ 3t2(tt)P2 + t3P3.

The coefficients of the 'four points are known as the

Bernstein polynomials and sum to one for any value of t.

Each point on a Bezier segment is, in fact, a weighted

average of its defining points. this results in a very

useful property, the convex hull property. A Bezier curve

is completely enclosed by the shape formed by stretching a

surface around its control points (Figure l.)

Rational Bezier representations introduce weighting factors

which, fine tune the impact each control point has on the

curve. The cubic form is

(1_t)3w0P0÷ 3t(l.t)2wlpl÷ 3t2(l-t)w2p2 + t3w3P3

c(t)..................................................
(1-t)3w0 + 3t(1-t)2wI + 3t2(t-t)w2 + t3w3
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Again, it is clear that each point on the curve is a

weighted average of the control points. The weight

magnitudes affect the relative influence of each control

point as demonstrated in Figure 2.

Rational cubic Beziers satisfy the shape invariance

property [PIEG87] . Providing the two shape invariance

factors

w0w2 .... wlw3
St : .... $2 : ....

2 2
wl w2

remain constant, the weights can take on any value and still

produce the same curve. As a simple example, consider the

case where all points are equally weighted. Regardless of

the magnitude, all versions are equivalent. The standard

representation for ,-ational Beziers takes advantage of shape

invariance factors and sets endpoint weights (NO, WS) to i.

Cubic B-spline representations are also used in thi._

project. A series of m control points, parameterized over a

set of mr3 knots, is used to define a set of m-3 segments

with C 2 continuity. Any particular segment is influenced

by, but does not necessarily interpolate, four consecutive

control points. CoTlverseiy, a control point impacts only

four adjacent segments, effectively localizing its

influence. Fhe flexibility of the B-spline representation

can be increased by duplicating knots. This forces point

ir,terpolation at the expense of geomehric continuity. The

form of a cubic B-spline [PIEG@7] is

6



where

..3

c(t)= _ N_,3(t)P£ oBg

Nj,o(t)=yl if ti{..tKti+1 and tiKti+1

L 0 otherwise

and for p 2 1

t-ti * N_,p.l(t)÷ ti+p+l-t: Ni+i,p_i[t.)

Ni,p(t).................

t.j.+p-t[ ti+p+1-ti+1

Like rational Beziers, rational cubic B-splines

introduce weighting parameters to fine tune the impact each

control point has on each segment's shape. This improves a

user's ability to manipulate the curve. Its form

p

whet e

Ni,p(t)wi

Ri,p(t)_..j........
,_ Nj,p(t)_j

is similar to that of a cubic S-spline with the addition of

the weighting factors [PIEG87] .

OVERVIEW OF ALGORITHM

The Chou/Piegl algorithm fits a rational Bezier curve,

within a specified tolerance, to a set of points and end

tangents. More specifically, using the end conditions, the

control points P1 and P2 of an interpolating non-rational

Bezier are determined for each interior point. These will

vary and must be averaged to produce a single approximating

Bezier.

Next, the curve is converted to a rational form with

endpoint weights of I. For every interior point,

7



interpolating weights based on the average Pl and P2 are

calculated. The variation of the weights indicates the

goodness of fit. If most interior points are close to the

average curve, the weights will be similar. The opposite is

true when the points vary greatly in their distance from the

approximating curve.

In the cubic form, the calculated w I and w 2 both

contribute to forcing the rational form through a specific

point. This coupling makes it difficult to determine

variation solely due to the Wl'S or to the w2's. Using

DeCasteljau's algorithm, it is possible to decompose the

cubic into two rational quadratics and thereby isolate the

weights.

For every point, tolerance criteria is converted to an

acceptable rar,ge of weights for the quadratics. A fit with

acceptable error is achieved when there is a non-empty

intersection of the weight ranges. 'Average weights are

chosen from this intersection and are usea to combine the

quadratics into a cubic.

It is unlikely that one curve will adequately fit a

large set of points. When tolerance is not achieved, the

curve must be recursively subdivided into segments and

refit. To preserve G 1 continuity, the first tangent

direction of a segment is set equal to that of the last

tangent for the preceding segment. The final G 1

representation merely joins the 8ezier's with triple knots

and reparameterizes based on chord length.

8



A C 1 representation takes advantage of cubic shape

invariance factors. The weights can be adusted to produce

equal tangents between adjacent segments. Though still a

piecewise Bezier, the curve is a C l parameterization in

cubic B-spline form.

GEOMETRIC OPERATIONS

This algorithm emphasizes the geometric aspects of

curve fitting. It was necessary to develop a large library

of supporting point, vector, line and plane operations for

this implementation. Complete documentation is locatea in

_he prograrn listing [Appendix B]. During this process,

parametric representation proved to be a very powerful and

useful tool when dealing with lines in three space.

Consider a point, vector representation of a line,

(PO,V), where each is a 3xl matrix with values for x, y and

z. Given two lines in this form, it is not readily apparent

ho_ to determine an intersection. No_, consider the

parametric form for the same lines (Figure 3.)

P! + Vl*t = P and

P2 + V2*s = P"

These must be equal at the intersection - that is

PI + Vl*t : P2 +V2*s"

Picking any two of the x,y and z components yields two

equations and two unknowns

PIx + VlX*t= P2x + V2x:s

PIy + V1Y*t= P2y + V2Y*s

which can be readily solved.

9
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Once s and t are known, it is simple matter to

determine the Cartesian coordinates. Often, though, the

parameter value is more useful in subsequent operations. A

planar situation, where a determination of P's containment

in the 'cup' defined by P0P3 , TO and T 1 must be made, is

shown in Figure 4. First, a line defined by P and a vector

in the direction of PoP3 is constructed and parameterized on

s. Sides are created from P0 and T O , and P3 and T 1 and are

parameterized on t. For containment, P's line must

intersect, one side with positive s and the other with

negative s. I[ it intersects both with negative s, P is to

the 'right" of the cup and if both are positive, it is to

the 'left' It is also necessary to decide if P is above

POP3 . For this, construct POP3, paramaterize PT 1 on t and

intersect the two lines. T < 0 indicates containment while

an t ) 0 would mean P is below. Throughout the project,

many situations were encountered which could be simply and

directly handled with the parametric representation.

ENO TANGENT CALCULATIONS

The program accepts a set of data points as input. It

must therefore make some assumptions about endpoint

tangents. The case shown in Figure 5. subdivided the data

set into three segments and requires tangent estimates at

points O, 4, 8, and Ii. Farin [FARI88] details several

methods For tangent generation. A 8essel function, which

calculates the slope for a quadratic passing through the

point and it's two closest neighbors, was chosen for this

ii
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implementation. This is not necessarily the best option.

For greater flexibility, the user could be given a choice of

methods and the ability to specify directions at the first

and last data points.

CONTAINMENT

One important discovery, made while testing the

program, is that some sets of points cannot be represented

with a Bezier curve. A data set with planar tangent vectors

illustrates the point. The convex hull property forces the

curve to lie in the plane defined by the tangents, therefore

out-of-plane interior points cannot be interpolated. This

forced a closer examination of what exactly constitutes a

valid set of data.

The first portion of the Piegl and Chou paper shows

that any point of a non-rational Bezier curve is actually

the result of calculating a point on POP3 at some t, and

traversing from this point fo_- some distance in the

direction of ]0' and then for some distance in the direction

of -T 1 (Figure 6.) The exact distances travelled depend on

the positions of Pl and P2" This operation can be reversed

to determine the P1 and P2 locations and t value for an

arbitrary point. Tangent length is undefined at the

beginning of this process, so the valid point space must

allow a convex hull with P1 and P2 infinitely far from PoP3

(Figure 7.) This results in two semi-infinite strips of

width IPoP31 , emanating from POP3 and extending out to

infinity in the direction of TO and T 1 respectively. A

13
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point must be able to project onto POP3 via T 1 and -T O . For

example, first project point P onto the PoP3To plane along

the direction T 1, and then to the segment POP3 along the

direction -T O . The valid state space is a wedge bounded by

the two strips.

In the planar case, the analysis is slightly different.

The wedge collapses onto a subsection of the plane. Figure

8. illustrates the shape of this area as the tangents change

their relative positions. Containment can be verified with

the parametric line operations described in the Geometric

Operations section. This analysis provides some useful

insight into curve behavior, especially for users of systems

which allow interactive manipulations of 8eziers.

For the case where tangents are collinear, this

implementation considers only those points lying on the line

segment POP3 to be valid.

A second containment check is required prior to

calculating weights for a rational 8ezier. Figure 9.

illustrates how the averaging process for Pl and P2 may

cause some points to violate the convex hull property.

This can be detected in the 3-dimensional case using the

scalar triple product for vectors ( a "(b x c) ). The

physical interpretation of the triple product is six times

the volume defined by the three vectors (Figure I0. ) The

sign of this volume depends on the order (left- or

righthand) of the operation. Any point can be combined with

each of the four faces of the tetrahedron. The four volumes

15



generated from the scalar triple products, if performed in a

consistent hand, will sum to the volume oF the original

convex hull. Interior points will produce individual

volumes whose signs are consistent with the total volume.

Some of the volumes generated using an exterior point will

have the opposite sign.

Again, the planar case was somewhat more difficult to

handle. Checking for containment in a four-sided polygon

had to be reduced to checking for containment in its four

constituent triangles. This provided correct detection even

in some of the degenerate planar convex hull shapes such at

that shown in Figure ii. As long as the point is inside one

triangle, it is in the convex hull. Inclusion in a triangle

i3 easily verified using parametric line representation.

Consider Figure 12. if PPo is parameterized on s and PlP2

on t, the intersection :,:ust satisfy s < 0 and 0 < t ( 1 for

contai nment.

A set of points which violates containment will cause

that set to be subdivided. As seen in Figure 13., where 8

cannot be contained between A and C, a set of three points

may be invalid. It is subdivided into two data sets with

two points each. However, two points do not provide

sufficient information to locate Pl and P2 so some

assumptions must be made. In this case, the algorithm

l

positions Pl and P2 at .4_XlPoP 3 , to avoid overly long or

crossing tangents (Fiwure 13.) Farin [FARI88] describes

several other methods.

16
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PLANAR AMBIGUITIES

Figure 7. depicts the process used to determine tangent

lengths and the value of t for a point P. For the three

dimensional Bezier curve, this is a unique solution.

The ptanar situation is shown in Figure 14. There are

several paths from P along the directions of -T O and T I,

each landing at different locations a[ong PoP3 . The extreme

cases have a zero length component for one direction. They

define the bounding values for valid t along POP3. In some

instances, this range extends outside the interval 0 < t ( t

which is also necessary for a valid representation. Chou and

Piegl recommend using a chord length parameterization:

:POP:
t= .............

IP0PI+ IPP31

but it was found that this could generate _rroneous value_

for t. This implementation, instead, calculates the

acceptable range and places t at the n, idpoint, gua,-anLeein_

valid t and preventing zero length tangents.

A similar problem was encountered when calculating

weights for rational Bezier (Figure 15.) In the three

dimensional case, M is uniquely identified by the

intersection of PoP3 with the plane PPIP2" This construct

is not possible in the planar case, however, P must be

barycentric with respect to (that is, within the triangle

defined by) PI' Pi and P2" An acceptable range for t can be

defined by shifting M along POP3. These bounds do not

necessarily correspond those determined for the non-rational

18



A

PI_II N____.__ I'_ _ _ P.,1111"

<
M

Figure 15.

I
I

P2

/
Po

PI
J

1", e/'b

M

P2

\
P3

PI

!. \ \\ P2

Po

t-' 3

Figure 16.

w=lO0

PI

= I00

p- - P2

Figure 17.

PI

Pu Figure 18.
P2

19



Bezier. Again, this program sets t to the midpoint of the

acceptable range.

In the collinear case, w I and w 2 are set to zero

thereby eliminating any influence of P1 and P2 on the shape

of the curve.

Handling these ambiguities turned out to be rather

involved. Figure 16. demonstrates how different lengths and

orientations for PoPl and P2P3 require subtly different

interpretations for valid t "ranges. In fact, the majority

of Lime for this project was devoted to understanding these

relationships to guarantee proper special case handling.

Planar and linear curves are frequently encountered in

aerodynamic vehicle design, and ar, acceptable implementation

must correctly deal with them.

TOLERANCE CHECKING

A tolerance check is performed only after a set of data

points ha_ met the containment criteria, in theiY paper,

Chou and Piegl detail the shoulder point method of erro_

control, noting that it provides a very ti_h_ fit,

especially t'or points near the ends of a segment. They

briefly mention an epsilon disk method and observe that it

involves more work, but results in fewer segments. This

program allows either option.

Some: interesting properties were discovered during

analysis of the epsilon disk method. A rational quadratic

_c-zier has the standard form
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(l-t)2Po_ 2t(l-t)wiPI _ t2P2
C(t) ..............................

(l-t)2w0 t 2[(1-t)wI + t2w2

For a constant t, this can be _estated in the form

where

c(t): M(Iiv)+ Ptv

(l-t)2p 0 + t2P2 2(1-t)tw 1
M: ............... and v = ........................

(l-t)2 + t2 (t-t)2 + 2a1(1-t)t* t2

Figure 17 illustrates the implications. A straight line

connecting a point on PoP2 to P1 corresponds to a constant t

and the distance along that line (l-epresented by v)

corresponds to the weight of the intersecting curve. Thi._;

realization of the epsilon disk method does not necessarily

find the maximum and minimum weights, but rather exploits

the simplicity of the above relations to approximate a

weight range. First, it calculates points at the user

s_,ecif[ed distance (epsilon) from P along a line parallel to

POF'2 . The weights at these locations define the allo_able

_eight ran9e. Figure 18 derr.one_trates why the epsiion disk

method is less restrictive than the shoulder point method.

The latter technique measures tolerance at t = .5 where the

distance between curves of differing weights is greatest.

The usual notion of tolerance is that a point falls

within some specified distance of the approximating curve.

This algdrithm checks fit while the curve is decomposed into

conics, so it is not apparent if the cubic satisfies the

corr,mon interpretation of tolerance. To obtain a better feel

for the implications of choosing a particular epsilon value
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are, the program was run with several types of data. Figure

19. summarizes the results.

Actual vs Specified Tolerance
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Figure 19.

The tolerances in this graph are normalized to average

chord length for the particular data set. It appears that

the actual tolerance is approximately equal to the specified

role<ante for epsilons down to about one-tenth of the

average chord length. As tolerance requirements become

tighter, it becomes harder to correlate specified and actual

values. It is important to note, however, that very

stringent requirements on tolerance are counter to the

desire of fitting many points with minimal segments.
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SEGMENTATION

Piegl and Chou suggest a binary search to subdivide the

data set when a fit within tolerance is not possible. For

this implementation, some preprocessing was added. Since

space vehicles may have corners, this program allows the

user to define a maximum corner angle. The data set is

processed by calculating the angle between vectors formed by

three consecutive points. When the angle falls below the

maximum, the data set is separated in two.

Like-many other curve fitting schemes, this method does

not always handle inflection satisfactorally. Test runs

(Figure 20.) showed that when an interval with an inflection

narrowed to three points, an unacceptably 'wiggly' curve

resulted. Fortuante[y, this algorithm provides a simple

method to identify inflection. End tangents orientation

which cause a Sezier to cross POP3 (Figure 22.) signify

inflection. [o handle this situaEion, the program

successively scans each set of three adjacent point and

splits the data set when inflection is found. Figure 21.

shows the improvement in the quality of the curve fit as

compared to Figure 20.

G 1 AND C 1 CURVE FORMS

This implementation generates a C 1 curve, calculating

the G 1 form as an intermediate step. As suggested by Piegl

and Chou, hhis is accomplished by piecing the 8eziers with
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triple knots parameterized on chord length at the join

points (Figure 23.) To obtain the C 1 form, the weights are

adjusted to match tangents at segment boundaries. The

authors present the necessary algebraic manipulations to

perform this, but the following analysis provides a more

intuitive understanding of the process. Consider the first

segment in Figure 23. Any weight changes must satisy the

cubic shape invariance factors

WoW2 wlw3

In fact, no weight adjustments are necessary for the first

segment. N 4 is determined from the tangent matching

conditior, which, when based on a chord length

parameterization evaluates to

:P2P3: /;P3P4:

w4 = w2, ...... / ......

:P0P3:/ :P3P6:

Or, the next segment, w 5, and then w 6 are determined using

the shape invariance factors. W 7 is adjusLed to match the

tangents. The process proceeds in a similar fashion for the

remaining segments.

EVALUATION OF THE ALGORITHM

This algorithm's purpose is data reduction. Several

measures, of merit were developed to help quantify its

performance. The first, m/m c , measures data reduction. It

compares number of segments generated (m) to number of

segments if a piecewise cubic were fiLLed Lo the data (mc).
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Cl continuity is obtained with a cubic fit in the following

manner:

i. Define endpoint tangent for initial point

2. Using this tangent and three points to

calculate a cubic

3. Calculate resulting tangent at third point

4. Repeat steps 2. and 3. until done.

The result, as seen in Figure 24., is mc = (n-l)/2 where n

is the total number of points. Since this method would

require preprocessing for corners, appropriate adjustments

have been made in any comparisons. M/m c will vary with

epsilon; greater tolerance will require fewer segments.

Figure 25. shows data reduction for a variety of curve types

and tolerances.

Data Reduction (over cubic fit)
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For a relative tolerance of .1 chord length, it appears

that the number of segments needed to describe the curve can

be reduced anywhere from 0 to 302 over a simple cubic fit.

Figures 26. and 27. illustrate the tradeoff between

tolerance and data reduction. Upon closer, inspection of

the data, the curves which had minimal data reduction tended

to have many inflection points. The small data reduction is

actually the result of a tradeoff for curve 'quality' in the

form of better inflectionhandling. The quality of the same

curves fit with consecutive cubics was not investigated, but

they will most likely exhibit oscillation at inflection

points.

CONCLUSIONS

Regarding the implementation, for curves without a lot

of inflection, it offers the potential For significant data

reduction. With tolerances of 10% of the average chord

length, data reductEon:s of 15_ over a simple cubic fit are

realistic.

The pu_pose of a master's project is to provide

practical software engineering experience. Several

important conclusions can be drawn based on the experience

gained during the implementation of this algorithm including

i ° Special case and error handling comprise a large

portion of developing practical software. Dealing with

these issues constituted the bulk of this project. This

program was by no means piece of commercial quality
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software, but to be even marginally useful to the

engineers at NASA, errors and special cases had to be

considered.

° Curve and surface fitting is somewhat of an art.

Often, a visibly pleasing fit is an indication of the

quality of fit, and there are many methods available to

manipulate a curve into a visually pleasing form. This

does not negate the need to understand the mathematics

behind these methods however. Familiarity with a

variety of curve and surface fitting techniques

provides a programmer with the ability to intelligently

adapt his or her application to the problem at hand.

° Many of the relationships between points, weights, and

a resultant curve can be arrived at through algebraic

manipulation of the parametric curve equations.

However, these relations are often much more intuitive

when approached from a geometric standpoint. They are

also easier to program using geometric operations.

RECOMMENDATIONS FOR FUTURE WORK

I. Extend this algorithm to surfaces. This will require

defining one or several methodolgies for how the

surface will be divided into patches. It is not likely

that several consecutive curves will be fit with equal

numbers of equally sized segments. Perhaps a sort of
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reverse stategy, where the user defines the size and

location of patches and the program returns actual

tolerances, may be necessary.

. Analyze a different curve representation, (NURBS, as

opposed to cubic 8ezier) for data reduction potential

in a similarly geometric fashion. This would entail an

extensive literature search to see if similar work has

already been done. A data reduction method using a

NURBS rep would have C 2 derivative continuity which is

useful in aerodynamic vehicle analysis.
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In recent years, NASA has begun studies to de[me op-

tions for the next manned space transportation system. The

goals of this broad NASA effort are to define systems that

meet future mission requirements of transporting personnel

and payloads requiring a manned presence, while emphasiz-

ing improved cost-effectiveness, increased vehicle reliability

and personnel safety, and large operational margins. Three

approaches are being examined for satisfying future manned

launch needs. One approach is the evolution of the current

Space Shuttle. Another is the definition of a small Personnel

Launch System (PLS) for carrying people and small amounts

of cargo to and from space. The third approach is that of a

new, more operationally efficient Advanced Manned Launch

System (AMLS) to replace the present Space Shuttle. 1

The goals of the AMLS study are to examine systems

that provide routine, lower-cost manned access to space. Tech-

nologies and system approaches are being studied that will

contribute to significant reductions in operating costs relative

to current systems. A wide variety of vehicle types and pro-

pulsion systems has been examined in the conceptual and pre-
liminary design of next-generation manned launch systems

as a part of the AMLS study. These include single-stage and

two-stage systems, systems utilizing rocket and airbreathin_
propulsion, and systems with varying degrees of reusability."
For the assumed flight rate, payload class, and technology

readiness, a rocket-powered, two-stage fully reusable system
was selected for detailed study. This rocket-powered, two-

stage vehicle would be expected to have a 2005-2010 initial

operating capability in order to gradually replace an aging



Shuttle fleet. Hence, a 1995-2000 technology readiness date

has been assumed to represent normal growth (evolutionary)

technology advancements in vehicle sm_turc, propulsion, and

subsystems. Although many of these assumed technological

advancements contribute to significant weight savings in the

vehicle, a portion of this weight savings has been applied to

aspects of vehicle design that enhance the operations, reli-

ability, and safety factors of the system.

This paper summarizes the structural design and loads

analysis of this two-stage fully reusable launch vehicle. The
method used to determine the structural weights consists of

generating a finite-element model for each vehicle, selecting

a set of critical loading conditions, determining the loads on

the model caused by those conditions, determining the model

response and changing the sizes of individual elements to

obtain a safe structure. The integrated loads on the two-stage

vehicle were obtained from an optimal three-degrees-of- free-

dom (3-DOF) trajectory analysis.

Analysis MethodoloKv

The integrated structural design of next-generation rockct-

powered launch systems requites proper consideration of the

effects of the vehicle geometry, trajectory, and aerodynamics.

All of the geomca'y and subsystem packaging is performed us-

ing the NASA-developed Solid Modeling Aerospace Resea_h

Tool (SMART) geomea'y package. SMART is a menu-driven

interactive computer program for generating three-dimensional

Bezier surface representations of aerospac_ vehicles for use in
ae_ynamic and structural analysis. 3 All of the trajectory analy-

sis is performed using the 3-DOF version of the Program to

Optimize Simulated Trajectories (POST). POST is a general-

ized point mass, discrete parameter targeting and optimization

program which allows the user to target and optimize point mass

trajectories for a powered or unpowcrcd vehicle near an arbi-

Irary rotating, oblate plancL4 The Aerodynamic Preliminary

Analysis System (APAS) is used to determine vehicle aerody-

namics. In the subsonic and low supersonic speed regimes,

APAS utilizes slender body theory, viscous and wave drag

empirical techniques, and source and vortex panel distributions

to estimate the vehicle aerodynamics. At high supersonic and

hypetsomc speeds, a non-interference finite-element model of

the vehicle is analyzed using empirical impact pressure meth-
ods and appmximal_ skin-friction methods. 5

The method used for structural analysis and weights de-

termination includes geometry modeling, finite-element mod-

eling, loads generation and application, finite-clement analy-

sis, element sizing to meet loading conditions and structural

criteria, and structural clement weight summation, organizc_'

into an iterativ¢ process. This process is illustrated in Fig. 1.

The external shape of a vehicle configuration can be modeled

by discretizing a SMART geometry into a finite-elemc,:'.

model (FEM) through the use of PATRAN. 6 For relativel;. _

simple geometries, a FEM can be constructed directly. Expe-

rience is then used to initially determine and model the inter-

nal structure of the vehicle. Physical and material properties
of the structure are included in the FEM of the vehicle. Mis-

sion static-load cases are assembled from critical POST iner-

tial loads and APAS aerodynamic loads. The completed fi-

nite-element su'uctural model with physical and material prop-

erties, external loading, and structural arrangement is then
ready for analysis.
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Figure I. Structural analysis methodology.

The Engineering Analysis Language (EAL) 7 is used for

the finite-element analysis. The finite-element analysis pro-

duces resultant structural loads due to the loading conditions

for each element. The responses determined by EAL for the

loading conditions include displacements and reactions,

stresses, buckling loads and strain-energy densities. The re-

sultant loads are indicative of the load paths of the vehicle
structure. These loads arc applied to the EZDESIT program8

to size the finite-elements (bars, planar beams, and plate ele-

ments) to withstand the loading conditions as shown in Fig.
2. The cross-sectional areas of bar elements are sized. The

cap cross-sectional areas and web height and thickness are

sized for planar beams. The plate element design variables

depend on the type of construction chosen. Isotropic and com-

posite honeycomb, hat-stiffened, and membrane panels along

with corrugated web elements can be sized by the code. For

each element, a stiffness matrix and a construction geometry

(lamina gage, honeycomb core height, etc.) are specified, and

each element has an initial thickness equal to the minimum
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Figure 2. Panel sizing methodology.

gage value. The elements are sequentially checked for failure

due to panel buckling, yield, and ultimate modes for each load-

ing case. If failure occurs, the element dimensions are in-

creased until the indicated failure mode is satisfied. The geo-

metric sizing of the panel alters the stiffness properties. Thus,

the finite-element analysis and geometry sizing are iterated

until convergence is achieved.

Re, sizing of structural elements to increase the global

buckling strength of the structure is accomplished after

completion of the strength sizing. Local buckling constraints

are satisfied in the strength sizing in EZDESIT. The method

uses EAL.generated element strain-energy densities to cal-

culate scaling factors that are applied to EZDESIT element

dimension files. The global-buckling sizing method is de-

scribed in Appendix A. Scaling factors are calculated using

values for the first buckling mode of the loading conditions

which caused global buckling in the strength-sized structure

below ultimate load. This method provides a satisfactory struc-

ture but does not optimize the solution.

The dominant load case for each element is determined,

and its corresponding dimensions, weight, and failure mode

are obtained. The results of the sizing can be reviewed in two

different manners. The resulting weights can be grouped by

failure mode, element type, load case, and component, or the

EZDESIT output file can be read into PATRAN and the ele-

ment properties displayed on the model. Those properties in-

elude inlemal loads, dominant load case, failure modes, and

unit weights. Highly stressed areas may indicate a need for an

alternative structural design. Resultant loads are reviewed by

the structural designer, and the necessary changes to the struc-

tural arrangement are made by altering the FEM and

reanalyzing the structure.

Vehicle Conceot

Mission and Guidelines

The design reference mission for the two-stage fully re-

usable AMLS vehicle calls for the delivery and return of up

to 40,000 ib of payload from Kennedy Space Center (KSC)

to Space Station Freedom (220 nmi, 28.5" inclination) along

with a crew of ten (eight passengers and a two-person flight

crew). A three-day flight duration with an in-flight margin

was budgeted (35 man-days). The payload bay dimensional

requirements were a 15-ft diameter by 30-ft length. On-board

propel[ant would provide an incremental velocity (AV) of 1350

ft/sec following launch insertion into a 50 x I00 nmi orbit.

Landing would nominally be at the KSC launch site.

The AMLS vehicle was designed with a crew escape ca-

pability characterized by the jettisoning of the crew module

using high-impulse solid rocket motors with inflight stabili-

zation followed by the deployment of a parachute system for

landing. In addition, both the booster and orbiter have single-

engine-out capability from lift-off for added reliability and

mission success. A 15-percent dry weight growth margin was

also allocated. The orbiter was required to have a 1100-nmi

crossrange capability to allow once-around abort for launch

to a polar orbit and to increase daily landing opportunities to

selected landing sites. All trajectories for this vehicle have

maximum acceleration limits of 3 g and normal load con-

straJnts on the wings equivalent to a 2.5-g subsonic pull-up

maneuver.

yehicle Configuration

The AMLS vehicle, shown in Fig. 3, is a two-stage, par-

allel-bum design that consists of a manned orbiter and an un-

manned winged booster that stages at a Mach number of 3

and glides back to the launch site. Propellants are crossfed

from the booster to the orbiter during the boost phase so that

the orbiter's propellant tanks are full at staging. Both the

booster and orbiter use liquid hydrogen and liquid oxygen as

propellants. The orbiter also employs a detachable payload

canister concept to allow off-line processing of payloads and

rapid payload integration. Both the booster and orbiter are

control configured and employ wing tip fms for lateral con-

trol. Integral, reusable cryogenic propellant tanks are used on

both He booster and orbiter. Dual-lobed tanks are used on the

orbiter to allow the external payload canister to be easily in-

tegrated and for aerodynamic and reentry heating consider-

ations. As shown in the figure, the total vehicle dry weight is

343,000 Ib, and the gross weight is 2,604,000 lb. The total



liJ'toffthrust-to-weight ratio (T/W) of the vehicleis 1.3.The
referenceAMLS orbiterutilizes five light-weightderivatives

of the Space Shuttle Main Engine for main propulsion, whereas
the reference boosterusesfive of the sameengineswith a
lowerarea ratio nozzle. Theseengines arethrotdcd to 80 per-

cent of racd thrust for normaloperation to provide single-

engine-out capabilityoneachstageand to increaseindividual
engine life. Both the booster andorbiter utilize an internally
stiffenedring-frame constructionwith carder panels anddu-
rablemetallic thermal protectionsystemtile sectionsattached

to insulatedstandoffswhereappropriate.
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Figure 3. AMLS two-stage vehicle configuration.

Structural Configuration

The construction of the orbiterand booster of the AMLS

utilizes near-term technology. The main propellant tanks were

assumed to be welded aluminum-lithium (A1/Li) 2095 struc-

ttav,s that were machined from plate. External foam insula-

tion is used on the surfaces requiring insulation because in-

ternal cryogenic insulation was judged to be higher-risk. The

cryogenic tanks and wing carry.through structure are sepa-

rated as much as possible to maintain relative simplicity in

the tank construction. Because of the lack of experience in

the use of reusable cryogenic tanks, the AMLS design phi-

Iosophy maintains simple structural arrangements, stress pat-

terns and temperature distributions that may contribute to

improved tank life.

Booster Description. The structural arrangement of the

booster is shown in Fig. 4. The tank construction of the booster
is similar to that of the External Tank (ET) of the Space Shuttle

system except for the use of the more advanced AI/Li 2095

material. The liquid oxygen (LO2) tank has a flat front bulk-
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Figure 4. Booster finite element model.

head, an ogive forward section, a cylindrical body and an el-

lipsoidal aft dome similar to the ET LO2 tank. The AI/Li 2095
intertank section is dry and contains the forward landing gear

and support for the forward connection to the orbiter. The

liquid hydrogen (LH2) tank is cylindrical with fore and aft

ellipsoidal domes. It requires more internal stiffening than

the ET LH2 tank because it is a primary compression (and

bending) load path on the launch pad. The cryogenic tanks
and intertank section are stiffened with internal AI/Li 2095

ring frames and stringers. The cylindrical section behind the
LH2 tank is denoted as the aft skirt. It is constructed of a

short section of AULi 2095 to alleviate thermal distortion prob-

lems and a longer section of graphite-polyimide (Gr/Pi) hon-

eycomb that will withstand booster operating temperatures

without insulation. It supports the thrust structure of the pro-

pulsion system and contains the primary wing attachments.

The wing is also constructed of uninsulated Gr/Pi honeycomb
with a non-structural titanium leading edge. The primary land-

ing gear support is attached to the wing. The wing carry-

through is attached to heavy frames in the aft skin at the front

and aft spars. The front of the wing root rib is attached to the

fuselage by a vertical link. The AI/Li thrust structure is a coni-

cal shell in the upper portion with a flat shelf or beam sup-

porting the three lower engines without attachment to the wing
box or aft LH2 tank dome. There is a non-structural Gr/Pi

aerodynamic fairing between the wing and the fuselage.

Orbiter Description. The orbiter (shown in Fig. 5) dif-

fers strucoarallyfrom the booster in that it employs dual-lobed

main propellant tanks, a long, canted conical nose and an aft-
located LO2 tank. The nose of the orbiter is carbon-carbon

supported by an insulated Gr/Pi shell. The forward landing

gear is in the Gr/Pi honeycomb nose section. The LH2 tank is
a welded AI/Li 2095 structure with AI/Li 2095 extensions on

either end to provide thermal compatibility with Gr/Pi strut-
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Figure 5. Orbiter finite element model.

ture. The forward attachment between the orbiter and the

booster is contained in the LH2 tank. The intenank structure

is constructed of Gr/Pi honeycomb. The LO2 tank is con-

structed of AI/Li and carries some primary thrust loads. The

AI/Li thrust structure in the orbiter is a truss structure design.

Supports for the truss are attached to the longerons in the LO2

tank at the top and bottom of the web that divides the two

lobes and a heavy longeron that reacts the thrust loads trans-
mitted from the booster and extends into the LO2 tank lower

skin. The fuselage section behind the LO2 Lank is again de-

noted as the aft skirt. It is constructed of a short section of AI/

Li 2095 to alleviate thermal distortion problems and a longer

section of graphite-polyimide honeycomb. It supports the

thrust structure of the propulsion system and contains the pri-

mary wing attachments. The orbiter wing is also constructed

of Gr/Pi honeycomb with a non-structaral advanced carbon-

carbon leading edge. The primary landing gear support is at-

tached to the wing. The wing attachment is similar to that in

the booster except that there is a forward beam through the

intertank area. The orbiter also has non-structural Gr/Pi aero-

dynamic fairings between the wing and fuselage and between

the lobes of the LO2 and LH2 tanks. These fairings support

the thexmal protection system but must be attached to the tanks

in a manner that will absorb the thermal shrinkage of the cryo-

genic tanks while maintaining the integrity of the thermal pro-

tection system.

Result_ and Discussion

Trajectory Analysis

The nominal POST ascent trajectory for the two-stage

fully reusable vehicle is presented in Fig. 6. As shown in the

figure, the initial T/W is about 1.3. As propellant is burned,

the vehicle accelerates until it enters the transonic flight re-

gime at high dynamic pressure (maximum of 700 psi') at about

60 sec. The large increase in drag at this point causes the rate

of acceleration to decrease for a short period of time. The

vehicle then accelerates until staging occurs at Mach 3 at an

altitude of 71,000 ft. Vehicle trim and control during ascent

is provided by gimballing of the main engines of both ve-

hicles. Because the booster is empty of propellant and the

orbiter is fully loaded at staging, engine gimbal angles of up

to I0 degrees are required to trim the configuration. This leads

to large thrust loads (up to 2.0 Mlb) being transferred between

the vehicles and complicates the vehicle structural design. The

unmanned booster then separates from the orbiter and per-

forms an unpowered glide back to the launch site. These stag-

ing and glide-back maneuvers are described in more detail in

reference 9. The orbiter continues to accelerate until the lon-

gitudinal acceleration limit of 3 g is encountered at 300 sec.

The engines are throuled to maintain this limit until orbital

insertion occurs at 420 sec into a transfer orbit with a 50-nmi

perigee and 100-nmi apogee. Further details on ascent trajec-
tories for the AMLS vehicle are contained in reference 10.

3.0- 4,0 - 400 p ......

i At:_.Ai4ocatl_
!

/
!

2.S- :3O. 3¢¢ / /,,i_jt_Rekulve
Accs_at_, veloely, Alllude. / /

g klUr.ec _ // /"

' [. , #I

l ,4 i ! J_/ //
. I:;il / ."1.5 ! 10 - 1001-: 1[ , / /

.J t. ' . ,,,"

1.0- 0 • i
0 100 2OO 30O 4OO 50O

Time. _c

Figure 6. AMLS ascent trajectory.

The nominal POST entry trajectory for the fully reusable

orbiter is presented in Fig. 7. After performing a deorbit burn,

the vehicle reaches nominal atmospheric interface (altitude of

300,000 ft) at a relative flight path angle of -1" and an angle of

attack of 30 ° . Throughout the majority of the entry profile, the

angle of attack of the orbiter remains between 25* and 30° to

allow hypersonic trina, maximize lift-to-drag ratio, and mini-

mize lee-side heating. POST was employed to determine a tra-

jectory that minimized the maximum stagnation-point heat rate

during entry while still achieving sufficient crossrange (1100

nmi) to allow for a once-around abort from a polar orbiL At an

altitude of 260,000 ft, the equilibrium stagnation point heat rate

(based on a reference sphere with a 1-ft. radius) reaches 65 Btu/

ft2.sec. The bank angle of the vehicle is then modulated be-

tween 0° and 90 ° for about 1700 sec to hold the heat rate below
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Figure 7. AMLS entry trajectory.

69 Btu/ft2"sec. This was found to be the the minimum value

that the maximum stagnation-point heat ratecould be limited to

and still achieve the desired crossrange. When an altitude of

200,000 ft is reached, the bank angle gradually decreases, and

the vehicle prepares for terminal energy management maneu-
vers. Using this approach, the orbiter is capable of about 1300

nmi of crossrange. This entry analysis is used to size the non-

su'ucmral thermal protection system, which is sized to assure

that the underlying vehicle structure remains within reasonable

temperature ranges to ensure adequate materialstrength.

Finite-Element 1ylodel Construction

The results from the APAS aerodynamic analysis (ve-

hicle lift coefficient, drag coefficient, and pitching moment

coefficient variation with Math number and angle of attack)

served as inputs to the POST trajectory analysis. The inte-

grated loads on the vehicle due to thrust, gravity, and aerody-
namic forces were then obtained from POST for a number of

critical loading conditions. APAS was also used to help de-
tea'mine the distribution of the aerodynamic loads on the ve-

hicles. The critical loading conditions selected include:

1) a lift-off condition with impact due to the sudden
release of vehicle hold-down restraints

2) a pre-launch condition without internal tank

pressurization to simulate on-the-pad conditions with

ground winds

3) a maximum qot (dynamic pressure multiplied by

angle of attack) condition on the booster

4) a condition just prior to staging when the maximum
thrust is transmitted to the orbiter

5) a Mach-3 separation maneuver on the orbiter

6) a 2.5-g subsonic pull-up maneuver

7) a 2.0-g landing impact

8) a material minimum-gage condition

The LO2 tank limit pressure utilized in the study was 22
psia, with an ultimate pressure of 33 psi¢ The LH2 tank limit

pressure utilized in the study was 34 psia, with an ultimate

pressure of 51 psia. In general, design ultimate loads were

utilized of 1.5 times the applied loads. However, to increase

vehicle reliability and provide longer life, it might be desir-

able to increase the operational load margins further. Increas-

ing operational load margins could allow lifetime vehicle cer-

tification, similar tocommercial airline practices, which would

greatlyreducegroundoperationsmanpower requirements.

Symmetric finite-element models of both the orbiter and

booster vehicles were constructed for the study. The model

of the booster (Fig. 4) has approximately 1250joints and 1700

elements. The model of the orbiter (Fig. 5) has approximately

1600 joints and 2800 elements. The models were analyzed

separately with constraints located at the attachment points
on the orbiter. The connection between the vehicles is almost

statically determinate, and reactions on the models were

checked against inertial forces calculated from the POST tra-

jectory program.

Each skin was modeled with a two-dimensional element

having honeycomb sandwich properties, which is the most
reliable two-dimensional element with membrane and bend-

ing stiffness in EZDESIT. The unstiffened skin in the tank

domes was modeled with a very shallow core structure. Be-

cause all of the skin thickness in a sandwich is effective in

both directions, the stiffened skin in the tank walls was mod-

eled with a core swucture of sufficient depth to provide equiva-
lent weight for the necessary longitudinal stiffeners in a T-
stiffened skin.

Small frames were modeled with planar beam elements.

Since the skin elements are large (-30 in. long), and skin cur-

vature reduces the effective skin width actually contributing

to the flange area, these elements were centered on the skin

joints to prevent large amounts of skin area from contributing

to the outer flange stiffness of the frame. Large frames were

modeled with quadrilateral elements for webs and with rods

for interior flanges. Frames are located at every skin joint in

the tank and, consequently, contribute to hoop strength as ef-

ficiently as the skin in the model. Additional core weight was

included to compensate for this situation.

Tank pressure loads were modeled as distributed loads

on the interior of the tanks. An approximation was made in

the modeling of liquid-pressure-head loads by applying the

loads for partially full conditions as pressures caused by a

reduced-density liquid acting on the complete interior of the
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Finite-Element Model Analysis

The booster and orbiter f'mite-element models were ana-

lyzed using EAL for the previously mentioned load cams.

The models were then re,sized using the EZDESIT program

to satisfy strength criteria. Four iterations of the analysis and

resizing procedure were carried out to obtain a satisfactory

strength design. The weights calculated by EZDESIT contain

a user-specified non-optimum factor or net-weight multiplier

to approximate the weight of structural details not rnodcled

in the finite-element model. The non-optimum factor used in

this study is 1..5, thus increasing f'mite-clemcnt model weights

by 50 percent. Linear bifurcation buckling analyses of both

models showed that they buckled below design ultimate loads.

Thc models were resized iterativeIy using the procedure dis-

cussed in Appendix A to increase the buckling strength so

that it equaled or exceeded the design ultimate loads.

Pz._. The strength-designed element

weight-per-unit of area is shown in Fig. 8. Most of the ve-

hicle surface skin weighs less than 2 psf. However, frame and

longeron weights are not included in these weights. Two psf

of A]_i structure is equivalent m as) average ski_ thickness

of 0.099 in. of AI/Li plus the 50% non-optimum weight. In

the LH2 tank, the ring frames add additional hoop material

equivalent to an average skin thickness of 0.033 in. of mate-

rial plus the 50% non-optimum weight. The value of internal

pressure multiplied by the radius of the LH2 tank is approxi-

mately 8000 Ib/in.

The sums of the strength-designed weights caused by the

different load conditions are shown in Table 1, and their dis-

tribution is given in Fig. 9. The load case numbers correspond

to those described above in the "Finite-Element Model Con-

struction" section. Load case 1, lift-off with the thrust impact

due to instantaneous hold-down release, sizes elements that

Table 1. Booster weight controlled by load case.

Load Case Weight. Ib

Lift-off with impact 28,232

Unpressurized tanks on pad 270

Max qct 7500

Maximum thrust transfer 10,674

Subsonic pull-up maneuver 1,326

Runway bump 270

contribute to over half of the weight. This loading condition

instantaneously removes a restraining force equal to 30 per-

cent of the vehicle's weight. Alleviation of this impact load

may be beneficial, but no estimate of the resulting weight sav-

ings has been made.

The sums of the strength-designed weights controlled by
the different failure conditions are shown in Table 2. The small

increment added to satisfy buckling constraints (not shown in

Table 1) is also shown. The failure condition controlling the

sizing of various elements is shown in Fig. 10. The mini-

mum-gage-sized structure, which constitutes about 20 per-

cent of the total weight, is primarily in the lightly loaded por-

tions of the wing, LO2 tank, intertank and fairings. Overall

buckling does not appear to be significant in the booster.

Table 2. Booster weight controlled by failure mode.

Failure Mode Weight, Ib

Minimum gage 11.122

Panel buckling 4,450

Compressive yield 3,374

Yield 8,716

Ultimate 20,610

Overall buckling 79

The calculated weights for the components of the strength-

designed booster model are shown in Appendix B. Also shown

are the estimated component weights from the Space Shuttle

ET, where applicable. The slosh baffle weight for the booster

oxygen tank was obtained from the scaled ET. The liquid hy-

drogen and oxygen tanks are lighter than the scaled ET

weights, as expected, because the AI/Li 2095 alloy used on

the booster is lighter, stronger and stiffer than the 2219 alloy

used in the ET. The intertank section is considerably lighter

than the scaled ET value because it is not subjected to the

large thrust loads applied to the ET by the solid rocket boost-

ers nor does it have the transverse beam and large cut-outs for

the structure to support those loads.

_. The strength-designed weight-per-

unit of area is shown in Fig. 11. Again, most of the vehicle

surface skin weight is less than 2 psf. The webs between the

two lobes of the mr_s are not visible in the figure but consti-

tute a rather large portion of the tank weights.

The sums of the strength-designed weights caused by the

different load conditions are shown in Table 3, and their dis-

tribution is given in Fig. 12. The load case numbers corre-



Figure 8. Booster shell elements weight per unit area.

Figure 9. Booster load cases sizing shell elements.



Figure 10. Booster failure conditions controlling shell element weights.

Figure 11. Orbiter shell elements weight per unit area.



Figure12.Orbiterloadcasessizingshellelements.

Figure13.Orbiterfailureconditionscontrollingshellelementweights.
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Table 3. Orbiter weight controlled by load case.

Load Case Weight, Ib

Lift-off with impact

Unprassurized tanks on pad

Maximum thrust transfer

Separation maneuver

Subsonic pull-up maneuver

Runway bump

33,202

628

8,234

9,666

4,694

2,060

spond to those described above in the "Finite-Element Model

Construction" section. I.x_d case I, lift-off with the thrust

impact due to instantaneous hold-down release, again sizes

elements that contribute to over half of the weighL

The sums of the strength-designed weights controlled by
the various failure conditions are shown in Table 4. The in-

crement added to satisfy buckling constraints (not shown in

Table 3) is shown as well. The failure condition controlling

the sizing of various elements is shown in Fig. 13. The mini-

mum-gage-sized structure, which constitutes about 40 per-

cent of the total weight, is primarily in the lightly loaded por-

tions of the wing, nose, fairings and the tank webs mentioned

above. Overall buckling appears to be significant in the or-

biter, causing a weight increase of 2800 lb. A large part of

this weight increase is in the fairings over the valleys between

the tank lobes. Remodeling these areas as fairings that only

transmit applied pressure loads to the tanks would decrease

the weight of the fairings but increase the axial load in the

tanks. The effect of this change has not been investigated.

Table4. Orbiterweightcontrolledbyfailuremode.

Failure Mode Weight. Ib

Minimum gage 22,920

Panel buclding 5,492

Compressive yield 7.228

Yield 8,336

Ultimate 14,510

Overall buckling 2,800

The calculated weights for components of the strength-

designed orbiter model are shown in Appendix C. The unit

weight of the orbiter LO2 tank is similar to that of the booster.

The unit weight of the orbiter LH2 tank is 3 percent heavier

than the booster LH2 tank despite the fact that it is lightly

loaded relative to the booster LH2 tank, which must support

the weight of the LO2 tank. The higher weight of the orbiter

LH2 tank is largely due to the dual-lobe configuration that

requires a center web structure between the lobes. The LH2

tank web is over 10 percent of the total tank weight The inter-

tank section is significandy lighter in unit weight (-50 per-

cent) than the booster intertank because it supports only the

LH2 tank, which is about one-fifth the weight of the LO2

lank, and because it is constructed of Gr/Pi rather than AI/Li.

The weight of the fairings over the valleys between the two

lobes of the propellant tanks is approximately 1900 lb with-

out consideration for buckling and is a disadvantage of em-

ploying a dual-lobe tank shape.

Conclusions

A structural analysis of a two-stage fully reusable Ad-

vanced Manned Launch System (AMLS) vehicle has been

made using near-term material technology. The study indi-

rates that the concept is feasible. Because fully reusable launch

vehicle concepts can be very sensitive to weight growth, it is

very important to perform detailed structural analyses as early

as possible in the design cycle to evaluate the effect of evolu-

tionary material technologies and to reduce program risk.

The loading condition that sizes most of the structural

weight is the impact caused by the sudden release of vehicle

hold-downs that removes, instantaneously, a restraining force

equal to 30 percent of the vehicle's weight. Elimination or

relaxation of vehicle hold-down requirements could signifi-

candy reduce the vehicle structural weight but would compli-

cate vehicle control requirements at lift-off. The effect of re-

ducing the impact load has not been determined.

The loads causing buckling of the strength-sized struc-

tures, determined from global bifurcation buckling analyses,

were less than the applied loads. A re.sizing procedure was

developed and applied to increase the buckling strength to a

satisfactory level. Global buckling was found to be insignifi-

cant on the booster; however, resizing the structure to con-

sider global bucking impacts on the orbiter increased the to-

tal structural weight by 5 percent.

A large portion of both the booster and orbiter structure

is lighdy loaded. Twenty percent of the booster structure and

40 percent of the orbiter structure by weight uses minimum-

gage materials.

The dual-lobe main propellant tanks employed on the or-

biter added significant structural weight that would not be

required for cylindrical tanks. The central web in the orbiter

liquid hydros;ca tank is over 10 percent of the total tank weight.

11



In addition the weight of the fairings required between the

two lobes of each tank is approximately 1900 lb, constituting

over3 percentofthevehiclestructure.

An assumption was made that simple structural arrange-

ments, primarily separation of lank pressure containment and

wing bending restraint, would benefit cryogcnic tank life. Veri-

fication of this assumption and determination of other factors

affecting cryogenic tank life are necessary before building

such a concepL
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APPENDIX A

Buckling Resizing Method

The finite-element solution of the bifurcation buckling

problem is expressed as:

[K] 1¢} + k[Kg] {01 = 0

where K is the global stiffness matrix, ¢ is the buckling mode

shape (eigenvector), X is the buckling eigenvalue and Kg is

the global geometric sdffness matrix. While there are mul-

tiple eigenvalues and modes, usually it is desired to stiffen

the structure so that the lowest buckling eigenvalue is greater

than unity for the maximum applied load. If the equation is

pre- and post-multiplied by a single mode shape,

{Ol}T[K] {¢11 +_.i {¢IIT[Kg] {_1] =0

using the usual normalization procedure where the IOl ]T [Kgl

{_ 1 } term is. 1.0, then the {_1 }T [K I {_ I } term becomes the

eigenvalue. The I_11T [K] {_1 } term is also twice the strain

energy (SE) caused by a displacement in that shape. This re-

lationship may be used to develop a resizing algorithm by

recognizing that in a simple column (a statically determinate

structure with a fixed load distribution) the buckling load is

directly proportional to the bending stiffness of the column.

The pre- and post-multiplied {¢1 }T [K] I_1 } term is the

summation of all the individual element stiffness terms (Ke),

also pre- and post-multiplied, where n is the number of ele-

ments:

I1

{_1 }T [K] {_1} = y" [_1 }T [Keil I_l)
i=l

herw.e, the elements having the largea strain energy for a given

mode shape contribute the most to the corresponding eigen-

value. Because weight is the value to be minimized, it would

appear that the elements having the largest strain energy-per-

unit of weight will be most effective in increasing the buck-

ling value for a given weight increase.

This procedure permits resizing of elements in the same

way as fully stressed design does for strength-sizing, but the

sizing increment depends on the summation of element

changes. The approach used is to normalize the elemental

strain-energy densities for a mode shape, producing a data set

(N) having values from 0.0 to 1.0, and assume a distribution

for modification based on the normalized values. The distri-

bution used herein assumes that each element will be

incremented in dimension in proportion to its normalized

strain-energy density. To prevent elements with small contri-

butions from being incremented, the distribution may be trun-

cated by neglecting elements below a minimum value.

An estimate of the eigenvalue change due to the applica-
tion of the increments is:

n

b_. = 2 (SEmax) y_ (Ni 2)
i=l

where SEmax is the strain energy of the element having the

largest strain-energy density. Because the estimated eigen-

value change is probably not the same as the difference be-

twcen the desired value (DV) and the existing value, a scal-

ing factor must be applied to the increments.

The magnitudes of the elemental changes are scaled us-

ing a factor equal to the required eigenvalue change divided

by the change caused by the unsealed increment:

Scale factor = (DV - _.1) / A_.

The required change is the difference between the desired

value and the existing value. The desired value may be 1.0, or

somewhat larger, because the re.sizing process causes the lower

eigenvalues to become closely spaced and there may be a pos-

sibility of interaction. The magnitude of the maximum elemen-

tal change is limited by a pre-selected value (move limit) and

other changes are scaled accordingly. Changes for several

modes, caused by either a single loading with multiple eigen-

values less than 1.0 or several loadings with eigenvalues less

than 1.0, may be made by summing the individual changes

and imposing move limits on the summed changes.

The advantages of the method are that it is relatively

simple, does not require additional optimization programs,

considers individual elements, and requires only the extrac-

tion and scaling of the strain-energy densities after the buck-

ling calculations. Furthermore, the distribution of strain-en-

ergy density between axial and bending components may be

used to assist in element sizing. At the expense of a larger

number of elements, individual ply orientations may be evalu-

ated in a composite structure. The disadvantages of the method

axe that the analyst must decide how to apply it and interact

with the solution process to determine when convergence has

occurred. Also, because the process is sequential in nature,

there is no guarantee of obtaining an optimum solution.
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APPENDIX B

Booster Strength-Sized Weights

Component Study

Weight, Ib

Liquid oxygen tank
Shell structure

Aft ring

Aft dome

Slosh baffles

6.751

3,027

732

1,435

1.557

Intertank

Skin

Attachment flange

Frames

Connectionstructure

Miscellaneous

4,667

3'436

0

1,089

142

0

Liquid hydrogen tank

Forward dome

Barrel skin

Barrel frames

Aft dome

15.919

979

8.801

5,073

1,066

Wing

Upper skin

Lower skin

Ribs and spars

Center section

8,846

2,409

2,2O9

2,170

2,058

Aft fuselage

Skin

Frames

Thrust structure

Wing fairing

12,199

4,319

2,672

3,474

1.734

Booster/orbiter connection 1,445

Total structure 49,827

Scaled ET

Weight, Ib

8,336

4.645

503

1.631

1.557

6,506

4.194

380

931

646

355

18,003

1,161

11,675

3,446

1,721
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APPENDIX C

Orbiter Strength-Sized Weights

Component Study Weight, Ib

Liquid hydrogen tank

Forward dome

Barrel skin

Barrel frames

Aft dome

19,595

4OO

11,504

6,1OO

1,591

In.frank

Skin

Frames

Liquid oxygen tank

Forward dome

Barrel skin

Barrel frames

Aft dome

Slosh b',fffles

3,063

2696

367

8,127

1,025

2,950

1,058

1,537

1,557

Fairings

Liquid hydrogen tank

Liquid oxygen tank

Wing

4.494

1,405

488

2,601

Nose section

Nose cap

Front gear attachment

Skin

Frames

1,657

104

13

1,321

219

Wing

Upper skin

Lower skin

Ribs and spars

Center section

13,424

3,041

3,035

2,711

4,637

Aft fuselage
Skin

Frames

Thrust structure

7,024

3,273

968

2,783

Total structure 57,384
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